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PREFACE 

This book proirldes 'a logical course in Heat wHch will, m,eet the 
needs of sixth-form, students specialising in Science. Thus the rang© 
and standard are roughly those at present expected of candidates for' 
Higher School Certificate and University Scholarship examinations, 
and the, subject is treated with the thoroughness w%ich may justly 
be required at this stage. ' ' 

The chief .difficulties experienced in the study of Heat by such 
students are not matliematical, but lie in the great care demanded to 
ensure that the principles are, properly grasped, and that s,imple experi- 
ments are carried out reasonably well uith due regard to the limita- 
tions imposed by the apparatus. The necessity for such care has been 
kept before the reader continually. Most of the commoner pitfalls 
have therefore been pointed out and carefully explained, and I have 
tried to be precise on matters such as iSTewton’s Law of Cooling and 
Kirchhoff’s Law, which are often expounded somewhat uncritically. 
Stress has also been laid on the importance of considering the 
accuracy of experimental work, and this is dealt with mathematically 
in Appendix II. Throughout the book the abbreviation la ’’ has 
been used to signify natural logarithms, as this seems to be in 
accordance with modern mathematical practice. 

It will be realised that a book of this nature is largely an accumu- 
lation of ideas and methods that have been found good and assimi- 
lated during years of teaching, and can only be acknowiedged in a 
general way. The works on which I have relied during the actual 
preparation of the book are acknowledged separately in the hope that 
the list may serve the student as a guide for further reading. 

I must thank the firms who have kindly supplied me with facts 
and illustrations, particularly the Cambridge Instrument Company, 
the British Oxygen Company, the Foster Instrument Company, and 
Messrs. Kadiation, Ltd. ; also the many authors and publishers wffio 
have generously alIo%ved the use of diagrams from, their books ; and 
Prof. W. E. S. Turner, of the University of Sheffield, who helped me 
wdth information about the fracture of giass^vare. I am also grateful 
to the Controller of H.M. Stationery Office for permission to use 
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material from the Meteorological Glossary^ the Science Museum ' ' Hand- 
books on Very Low Temperatures/' and from Dr. R. C. Sutcliffe's 
Meteorology for Aviators which forms the basis of Chapter X. The 
(source from which each illustration is derived is acknowledged be- 
neath it. 

The questions at the ends of the chapters are taken from recent 
Higher School Certificate and Scholarship papers, by kind permission 
of the various Examining Bodies. These also are acknowledged indi- 
vidually, and a key to the letters used is given below : 

C : Cambridge Higher School Certificate. 

C.S. : Cambridge Scholarship Examinations. 

B. : Bristol University Higher School Certificate. 

N. : Xorthem Universities’ Joint Matriculation Board H.S.C. 

O. : Oxford Higher School Certificate. 

L. : London University, Higher Schools Examination. 

C. W.B. : Central Welsh Board Higher School Certificate. 

O. & C. : Oxford and Cambridge Joint Board Higher Certificate. 

O.S, : Oxford Scholarship Examination, 

I am greatly indebted to Mr. J. R. Clarke, of the University of 
Sheffield, for undertaking the immense labour of working through 
the examples and reading the proofs, and making many suggestions 
for improvements ; and to Mr. A. J. V. Gale, who has given me great 
assistance and encouragement at ah stages of the work, and has done 
so much to bring it to its present state. 


G. R. XOAKES 
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CHAPTER I 




TEMPEKATURE 

The "i^ords ' hot ” and cold describe certain, bodily sensations,, 
which cannot be defined in other words.. “ Hotness and '' co,!d- 
ness are qualities whi,ch we '.ascribe to the things which produce 
these sensations on contact with onr bodies. The scientific name 
for hotness is temperature ; ; later wn shall try to examine the nature 
of temperature, but at this stage any further attempt at explanation 
would be profitless and confusing. Temperature means hotness. In 
every da}' life people speak of the heat of an oven red heat 

sweltering heat so on, when they mc^an “ hotness ” in each 

case. It is pedantic to quarrel with phrases which convey a per- 
fectly definite meaning from the speaker to the hearer, as these 
do. But this use of the wnrd “ heat ’’ must be carefully avoided 
in scientific w’ork, for the wnrd has been reserved as a name for the 
form of energy w’hose transference from body to body, and w'hose 
change to or from, other forms of energy, is the subject of this book. 

We cannot, in the strict sense of the w'ord, measure temperature, 
but we can tell wliich of two bodies is the hotter (or at the higher 
temperature) and which the cooler (or at the lower temperature) ; 
that is, temperatures can he compared, A qualification is needed 
here, for ordinary observations will not justify us in saving that, 
for example, a coal fire is ten times as hot as a cup of tea ; we 
usually observe differences in hotness, not ratios between hotnesses, 
and the practical measurement of temperature is thus really the com- 
parison of temperature differences. In later chapters, wiien dealing 
with the behaviour of gases, we shall employ ratios between tem- 
peratures ; but this does not affect the truth of the above statement 
in connection with the present problem of practical temperature 
measurement. 

There are two parts to the problem : (1) the selection of a standard 
temperature difference, or fundamental interval and (2) the 
arrangement of a suitable instrument to compare other temperature 
differences with this ; such an instrument is called a thermometer. 

1 
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2 A TEXT-BOOK OF HEAT 

PRmCIBLES 'OF THjBBMOMETRY , : 

The fundamental interval. It has been established that, for pure 
substances, the change of state from solid to liquid and the change 
of state from hquid to vapour, take place at temperatures which 
at the same pressure are always reproducible. These temperatures 
at which solid and.liquid can exist together in equilibrium, and at 
which liquid and vapour can exist together in equilibrium, are called 
the melting point and boiling point respectively. 

The fixed temperatures chosen to define the fundamental interval 
are the ice point, which is the equilibrium temperature between 
ice and air-saturated water at standard atmospheric pressure ; 
and the steam point, which is the temperature of equilibrium 
between liquid water and its vapour at a pressure of one standard 
atmosphere. Pure ice and j^re water and ‘'ordinary'* water- 
substance are of course understood ; dissolved impurities cause 
very considerable alterations in the equilibrium temperatures. The 
effect of change of pressure, small in the case of the ice point, but 
considerable for the steam point, is discussed later. 

Standard atmospheric pressure is defined as the pressure due to 
a column of mercury 760 mm. high, of density 13*5951 gm./c.c., 
subject to gravitational acceleration 980*665 cm./sec.^, and equals 
1,013,250 dynes per square centimetre. 

The fundamental interval is the difference in temperature 
between the ice point and the steam point. On the centigrade (C.) 
notation this interval is subdivided into a hundred equal degrees, 
the ice point being quite arbitrarily named 0° C. and the steam 
point 100® C. One centigrade degree is thus a temperature interval 
which is one hundredth of the fundamental interval. The state- 
ment that “ the temperature of the room is 15® CP means that the 
difference between the temperature of the room and the ice point 
is 15/100 of the temperature difference between the steam point 
and the ice point. 

In the Fabrenlieit (E,) notation the fundamental interval is 
divided into 180 equal degrees, the ice point and steam point 
being called quite arbitrarily 32® F. and 212® F. One Fahrenheit 
degree is a temperature interval which is 1/180 the fundamental 
interval, and is 5/9 qf a centigrade degree. The statement “ I 
have a temperature of 101° F,” means that the difference between 
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the temperatnre of my body. and the ^ ice point is 69 Eahreriheit 
degrees, or 69/180 the temperatee difference between the steam 
point and the ice point. 

The student may feel that this is carrying precision of statement 
to excess, for , every time a metre stick is used we are ultimately 
comparing an interval of space with a ,fu,Mamental space interval 
engraved on the standard metre, and similar considerations apply to 
thense of a balance and a clock ;■ but little stress is laid on these points 
■in elementary work. Surely we Just,.'" read a thermometer But 
suppose that all dividing, engines were .subject to large systematic 
errors, and that only a sundial was available to measure time inter- 
vals ; we should then have to think very carefully about each measure- 
ment of length and time. Thermometry has difficulties of this kind. 
A thermometer must not be regarded as giving absolute readings of 
temperature : it is a means of relating observed temperature differ- 
ences, more or less satisfactorily, to the fundamental interval. 

Scale of temperature. Any property of any suitable substance 
w'hich varies as the temperature is changed can be used to compare 
temperature differences with the fundamental interval. For 
example, the volume of a liquid enclosed in a vessel, the volume of 
a fixed mass of gas maintained at constant pressure, the pressure 
of a fixed mass of gas maintained at constant volume, the electrical 
resistance of a piece of metal, the saturated vapour pressure of a 
liquid, are among the many measurable physical properties which 
alter as the temperature changes. Any one of these can be made 
the basis of a scale of temperature (the word scale here meaning 
system of dividmg the scale, rather than the notation employed) in 
the follouing way. 

Consider any one quantity the magnitude of which changes as 
the temperature changes, and denote this quantity by X. Let X0 
be the value of X at the ice point, and its value at the steam 
point. Let Xf. be the value at some unkno'^^m temperature f C., 
which is to be determined. Let equal changes in the value of X 
denote equal changes in temperature, so that changes in X are 
proportional to changes in temperature. 

A rise in temperature of 100 centigrade degrees (from 0® C. to 
100® C.) causes a change of (Xi 0 o-"Xq)*; a rise in temperature 

* The name “ fundamental interval ” is often given to (X^qo-Xo) ; we are 
using the term to mean “ fundanientati temperature interval 
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of t centigrade degrees (from 0^ C. to f C.) causes a change of 
X^-Xq: 

t^h (Xi -Xq), wEere k is some constant, 
m^]ciX,^,-Xo), 

100 {X^,,-X^)^ 

and the temperature f C. on the scale employing the property X ” 
is given by the equation : 

t=m °c. 

\^100 

Now, there is a theoretical absolute scale of temperature called 
the Kelvin Absolute Thermodynamic Scale, which is quite inde- 
pendent of the properties of any individual substance, and is 
identical with the Ideal Gas Scale (p. 142), in which X is the product 
pressure, x volume for a fixed mass of an ideal gas. This is the 
standard scale of temperature. A number of '' fixed points 
(melting points of different substances, etc.) have been determined 
accurately on this scale, and the gas thermometer described later 
gives a scale w'hich fits the standard scale fairly closely. This is 
discussed later ; all that is needed at present is the knowiedge that 
such a standard scale exists. Now, according to this standard 
scale, not one of the properties listed on p. 3 increases uniformly 
as the temperature increases. This means that, except at the ice 
point and the steam point, at which all scales must agree, no actual 
scale of temperature can agree with the standard scale. The same 
difficulty is made evident, without the background of the absolute 
scale, if a mercury thermometer is used to measure the change of 
resistance of a piece of metal with temperature, or the variation of 
the saturated vapour pressure of a liquid with temperature ; it is 
found that, when temperatures are measured on the scale of the 
mercury thermometer, equal changes in temperature do not lead 
to equal changes in resistance or of saturated vapour pressure. 
Similarly, a resistance thermometer, or a vapour-pressure thermo- 
meter, used to examine the expansion of mercury, w^ould show that 
when the temperature is measured on the resistance (or vapour- 
pressure) scale, equal rises in temperature do not cause equal increases 
In the volume of mercury contained in a glass vessel. Thus, equal 
ranges of temperature on the mercury thermometer scale are not 
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represented :by ' equal ranges , of -temperature on tlie resistance or 
vaponr-pressure . scales, and the scales, eariiiot agree except at the 
fixed points. There is no question of one of these arbitrarily selected 
scales Being right ’’ .and the others ^wong ”, for each scale is 
quite consistent in itself. All scales of temperature must necessarily 
agree at the ice point and the steam point. 

THEEMOMETERS 

Mercury-in-glass thermometer. The choice of a suitable glass is 
just as important as the .choice of a suitable liquid for a liquid-in- 
glass thermometer. Mercury is easily visible, expands considerably, 
expands fairly regularly according to the standard scale, and enables 
a wide range of temperatures to be measured, as its melting point 
is about ~ 39® C. and its normal boiling point about 357® C. The 
glasses used for mercury thermometers for accurate vork are 
specially made for the purpose, named types for which data appear 
in Kaye and Laby’s '' Tables ” being the French verre dur, Jena 16''', 
Jena 59'" ; most of them carry one or more coloured stripes so 
that they may be identified. The part played by the glass can be 
seen from the fact that at 300® C. the readings of a Jena 16'" and 
a Jena 59"' thermometer differ by more than 2® C. It should be 
added that mercury thermometers are not nowadays used when 
high accuracy is required. 

The mercury is contained in a thin-walled glass bulb of suitable size 
attached to a uniform capillary tube, which is sealed at the other 
end. The space above the liquid is usually (not always) evacuated. 

The quantity X which is observed is the length of the mercury 
column above the bulb. Equal changes in length denote equal 
changes in temperature on the mercury-in-glass scale. Let be 
the length at the ice point, the length at the steam point, and 
If the length at f C. Then, as on p. 4, 

I _ h ^0 

100 — Iq 

and the temperature f C, on the mercury -in-glass thermometer 
scale is j , 

«==ioo/^— ^®C. 

Each type of glass gives its own scale differing slightly from all the 
others, while as the behaviour of a given specimen of glass at any 
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Fig. 1. — Graph of boiling point of water against pressxire. 

time depends to some extent on its previous treatment, it is probably 
correct to say that each instrument has an individual scale of its 
own. 

A thermometer is graduated by marking on the stem the positions 
of the mercury levels at the ice ponit and the steam point, and 
dividing the portion of the stem between these marks into a hmidred 
equal divisions. The following experiment with an ungraduated 
thermometer adds a little mterest to the routine operation of 
determining the fixed points, and iLiustrates simply the basic 
principle underlying the use of the instrument. 

To find the temperature of the room using an imgraduated mercury 
thermometer, (a) The ice point reading, A large funnel is filled 
with chips of pure ice moistened with distilled w^ater. The thermo- 
meter is held upright with the bulb immersed in the mixture, so that 
the steady level of the mercury is just visible. After about ten 
minutes the level of the top of the mercury column is marked by 
means of a piece of adhesive paper* The thermometer is removed. 
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and the distance of the paper .from the bottom of the bulb (a more 
GOGvenient reference point . than the bottom of the stem — since the 
lengths are subtracted the actual choice of reference point does 
not. matter)' is measured; this is.Jq./ Small changes in the baro- 
metric' pressure .cause no appreciable change in the ice point, and 
pure ice '.is readily obtained.' 

(b) The steam point reading, ' The three im.portant. points a,re 
(1) th©' bulb of the therm.ometer must' be .immersed in steam, not 
boiling water ; ' the .reason for ■ this ' is that,, whether the original 
water is pure or not, , a thermometer in the vapour, on, w.hicli some 
pure liquid has in any case condensed, registers the equilibrium 
temperature between pure water and its vapour ; (2) the whole 
thermometer stem is immersed in the steam, so that the mercury 
thread is just visible ; (3) the barometer must be read carefully, 
since a pressure change of 1 cm. of mercury causes about 0'4 centi- 
grade degrees change in the boiling point at 100° C. (Fig, 1). 

The thermometer is placed in a hypsometer (Fig. 2), in which the 
bulb and stem are surrounded with a double Jacket of steam when 
the water in A is boiled. The pressure gauge at the side shows 
whether the pressure inside the apparatus is that of the atmosphere. 
The thermometer is left for about ten minutes in the steam, and the 
position of the top of the mercury column marked as before. The 
length of the mercury column is then measured* The barometer 
is read, and the true value of the boiling 
point for this pressure obtained from the 
graph of Fig. 1. Suppose the barometric 
pressure to be 750 mm. of mercury. The 
corresponding boiling point is 99'6° C. If 
the thermometer were being permanently 
graduated, the correct position of the 
100° C. mark would be found by propor- 
tion, since - 1^ : 1^^,^ -Iq = 100 : 99*6 ; as 
this is not actually needed, we can in the 
final calculation simply say that 
corresponds to a temperature interval of 
99*6 centigrade degrees. 

(c) The air temperature reading. It is not 
as easy as it would seem to take the tem- 
perature of the air, for it is essential that 
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the thermometer should reach the temperature of the air, and it is 
not possible to tell with certainty when this has happened. Some 
long time should be allowed, and it is usually recommended that 
the thermometer be waved about, or that a current of air should 
be dravm past it, during this time. When the level of the mercury 
is steady, the position of the top of the column is noted, and the 
length of the thread is measured. 

For the calculation, using the figure for the boiling point actually 
found, 


t 


If '-'In 


99*6 ^39*6 ~^o 


and ^ ^99-6 T °C. 


u 


'Iq 


on the scale of this particular mercury thermometer. 

Errors of the mercury thermometer. The following is a summary 
of the chief sources of error which have to be corrected for in accurate 
work. For further details, see a standard treatise, such as Preston’s 

Theory of Heat ”, 3rd Edn., pp. 113-125. 

1. Lack of uniformity of the bore of the capillary. The thermo- 
meter (if of the soHd stem type) may be cahbrated by detaching a 
thread of mercury and measuring the number of degree divisions 
it occupies at different parts of the tube. 

2. Error in marking the fixed points. This of course affects read- 
ings at all points on the scale, and once the error of the fixed point 
markings has been found it is simple to construct a correction graph. 

3. Change of zero. Glass contracts slowly after heating, and for 
years after the making of the thermometer the bulb continues to 
contract slightly ; this causes a gradual creep upwards of the zero 
mark. Also, if the ice point is determined immediately after the 
thermometer has been used at a high temperature, failure of the 
bulb to contract completely at once causes the zero reading to be 
too low. This depression of the zero is an important error in 
Continental thermometers, since the practice abroad is to determine 
the ice point after the steam point, so that the 0® G. graduation is 
really “ depressed The depression under this treatment for 
Jena 16'^' and other modern glasses is as much as 0*04®. In use, 
the custom is to redetermine the zero afresh immediately after a 
temperature has been observed. But this trouble is unnecessary 
for a thermometer “which has been calibrated at the National 
Physical Laboratory. 

4. Internal pressure. A vertical column of mercury 25 cm. long 
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exerts a pressure of about one thiid of an atmospbere, approximately 
5 Ib./sq. in. This is about the length of the thread of a thermometer 
reading a high temperature. Hence, when the thermometer is 
vertical there, may be a very considerable pressure distending the 
bulb slightly ; when it is horizontal, this pressure is absent, so the 
reading %vill be higher. 

5. External pressure. When the bulb is immersed beloW' the 
surface of a liquid there is a hydrostatic pressure tending to make 
the bulb contract, and the reading too high. Changes in the atmo- 
spheric pressure are also sufficient to cause an appreciable error of 
the same kind. 

6 . Emergent column error. The fixed points are determined 
with the mercury -filled portion of the stem at the same temperature 
as the bulb, and the thermometer should really be used in this way, 
but this is not always possible. If the bulb only is heated, the 
mercury in the stem is at air temperature, and the reading (if above 
air temperature) is therefore too low. The correction to be added 
is then 0*00016?^(^ -/g) centigrade degrees, where 7i is the length of 
the exposed column in degrees, t the indicated temperature of the 
bulb, and ^5 the mean temperature of the exposed column, wliich 
usually cannot be ascertained very accurately. 

Range of liquid-in-glass thermometers. Mercury freezes at about 
-39° C. and boils at 357° C. under normal pressure, so that the 
range of an ordinary mercury thermometer is betw^een its freezing 
point and about 300° C. If the space above the mercury is filled 
with nitrogen, or some other inactive gas, the pressure of the gas, 
when both compressed by the rising mercury thread and heated, 
raises the boiling point, and such a thermometer can be used for 
temperatures considerably above the normal boiling point of 
mercury, in fact up to 500° 0. Kohlrauseh gives 800° C. as an upper 
limit for mercury in quartz. Alcohol (b.p. 78° C.) may be used in 
thermometers between 60° C. and - 130° C., liquid pentane down to 
-200° C. Alcohol thermometers and others, the range of which 
does not embrace both the ice point and the steam point, must be 
graduated by comparison with a mercury, or other, thermometer. 

Clinical thermometer. This instrument (Fig. 3) used for deter- 
mining the temperature of the human body, has a short, very fine, 
capillary tube, constricted with a slight kink close to the junction 
of stem and bulb. When the bulb is put in the mouth or armpit, 
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Fig. 3. — Clinical thermometer. 

the expanding mercury forces its way past the constriction, but 
when the bulb is removed the contracting mercury does not pull 
the thread back, so it is left in the stem recording the highest 
temperature reached ; it is reset by shaking the thread down. The 
normal temperature of the human body is said to be 98*4° F.; 
actually it varies from 97*5° to 98*5°. The scale is graduated from 
95° F. to 110° F. The front is usually shaped to act as a lens, so 
that the fine thread is observed as a wide ribbon when the eye is in 
the right position. The thermometer must be left in position for 
some time, half a minute to tw^o minutes according to the make of 
instrument, in order to reach the temperature of the body. 


Fig. 4. — Rutherford’s maximum and minimum thermometers. 

lyr a-xi-nnim and minimum thermometers. (1) Rutherford’s. Tw^o 
separate thermometers are used, mounted on the same stand 
(Fig. 4). A mercury thermometer records the maximum tempera- 
ture reached in the interval since the previous setting. A small iron 
index m is pushed forward by the mercury surface when the mercury 
expands, and is left in position when the thread recedes. It is reset 
by a magnet. The minimum thermometer contains alcohol ; inside 
the thread is a small glass index a. When the alcohol expands, 
it flows past the index ; when the temperature fails and the thread 
moves back, the alcohol surface on meeting the index pulls it back 
by surface tension. The index is reset by tilting the thermometer 
slightly, when it slides along to the surface. In both thermometers, 
it is the end of the index directed towards the surface of the liquid 
which marks the required temperature. 

(2) Six’s self -registering thermometer (Fig. 5). The thermometer 
bulb proper, A, contains alcohol or some other suitable liquid ; BC is 
a thjmd of mercury ; above 6 there is more alcohol, which also partly 
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fills the bulb D. Above the surface of 
the mercury at both B and C is a light 
steel , index .(shovm enlarged at the 
side) mth a spring to prevent slipping. 
When the alcohol in A expands, the 
thread . BO is pushed romid, sending 
the index above C upwards, and leaving 
that above R in position; when the 
alcohol in A contracts, the thread is 
dravm back, leaving the C index record- 
ing the maximum temperature reached. 
The B index similarly records the mini- 
mum temperature. To reset, each index 
is drawn down by a magnet. 

Constant Volume Gas Thermometer. 
Consider a fixed mass of gas maintained 
at constant volume, in a vessel fitted 
with means of measuring the pressure. 
Let ^0 and be the pressures at the 
ice point and steam point respectiveh% 
and Pi the j)ressure at some unknown 
temperature t ""C. Let us state that 
equal changes in pressure denote equal 
changes in temperature. Then 



Fig. 5.— Six’s imidmiim-aiid* 
niiiiimam thermometer. 
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and t = 100 


Pt-Po 
Pim Pa 




on the constant volume gas thermometer scale of the particular 
gas used. 

It is not necessary here to discuss the behaviour of individual 
gases or of an ideal gas. It does happen that the so-called perma- 
nent gases behave in such a tvay that equal changes of temperature 
measured on the absolute therraodjmamic scale cause very nearly 
equal increases in pressure, and this was a reason for choosing the 
constant volume gas thermometer as a practical standard. But it 
is best to put these ideas aside for the moment, as they may tend 
to confuse the main point, v^hich is that the constant volume gas scah 
is based an the statement that equal chaitges of pressure shall denote 
equal changes of temperature. 


f 
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Fig. 6. — Constant volume air 
thermometer. 
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Jolly’s Constant Volume Air Tbei- 
mometer. Determination of the boil- 
ing point of brine on the constant 
volume air thermometer scale. Jolly’s 
constant volume air thermometer 
(Fig. 6) consists of a glass bulb of 
about 100 c.c. capacity, containing 
dry air, connected by a fine glass 
oapniary tube and rubber pressure 
tubing to a movable manometer 
reservoir. A fiixed mark X on the 
capillary is the “constant volume” 
mark. The vertical height of the 
level F in the open hmb above 
X is called the “head”, h. The 
total pressure of the gas in the bulb 
is then (H +Ji), where H is the atmospheric pressure, aU pressures 

being measured m centimetres of mercury. 

First read the barometer to determine H. Then immerse the 
bulb in a vessel containing ice and distilled water ; after leaving 
for at least ten minutes level the mercury at X , measure the head Ao. 
and record the total pressure po = (^ + ^o)- Next unmerse the bulb 
in a vessel of boiling water. Strictly, the bulb should be mimersed 
in steam, and the true temperature of the steam obtamed as on 
p 7 ■ but in this exercise the temperature of the boihng water 
h taken as the steam point. After at least ten minutes, level the 
mercury at X, measure the head Aioo, check the barometer readmg, 
and record the total pressure Pioo = (^+^ioo)- Before remoymg 
the bulb from the boiling water, lower the reservoir as far as ;^ssible, 
to prevent mercury being sucked into the bulb as it cools. FmaUy, 
place the bulb in a vessel of boiling brine. After at least ten 
nainutes, measure the head hf, check the barometer reading, an 
record the total pressure p, = (H + A«)- The boiling point of brme 
is given by the equation 


id = 100 


Pt-PQ 


^C. 


J^lOO 

on the constant volume air thermometer scale. 

Apart from the rough-and-ready steam point, there are several 
defects in this experiment. First, the air is not maintained at 
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constant volume, for, the glass bulb expands appreciably. Also, 
the air in the capillary tube is practically at room temperature. 
It is possible to allow for' the expansion of the glass if we know 
exactly (a) how much the glass expands, and (6) what effect this has 
on the pressure ; the ■‘^‘ emergent column ” error of the capillary is 
harder to allow for, but could be reduced by making the capillary 
very narrow and the bulb much larger. It is a nuisance to have 
to read the barometer every time an observation is made. 

Constant Volume Gas Thermometer as a standard. The Kelvin 
A.bsolute Thermodynamic Scale has been adopted by international 
agreement as the standard scale. Unfortunately no instrument can 
be made to realise this exactly. In 1887, the International Com- 
mittee of Weights and Measures decided to adopt as a practical 
standard the centigrade scale of a constant volume h\xlrogen 
thermometer, the fixed points being the ice point and the steam 
point, and the pressure of the hydrogen at 0° C. being equal to 
one metre of mercury. In principle, any gas the behaviour 
of which has been determined would do as well as hydrogen ; 
helium is employed at low temperatures and nitrogen at high 
temperatures. 

A constant volume gas thermometer is most inconvenient to use, 
and mercury thermometers, resistance thermometers, thermo- 
couples, etc., are the actual instruments employed. But we do not 
express the readings of each instrument in terms of its own natural 
scale. The instrument is compared with the gas thermometer, and 
either it is calibrated to read constant volume hydrogen scale 
temperatures directly, or else conversion formnlje to enable these 
temperatures to be deduced from readings on its own scale are 
calculated. Further corrections obtained from a knowledge of the 
behaviour of the gas are needed to convert constant volume gas 
temperatures to absolute thermodynamic temperatures. 

This seems a lengthy chain of operations, and recent progress has 
enabled a number of fixed points ” to be determined as accurately 
on the thermod 3 mamic scale as present knowledge permits. These 
fixed points constitute the Intemational Temperature Scale (p. 23), 
The real object of this step, taken in 1927, is to save tedious repetition 
of readings of the constant volume gas thermometer. 

One important consideration in the original choice of the constant 
volume hydrogen thermometer as a standard is the ease with which 
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it can be reproduced. Pure materials are easily obtainable, and 
the instrument is made to standard specifications. Tbe second 
consideration is the small disagreement between the constant 
volume hydrogen scale and the absolute thermodjmamic scale. 
Thirdly, tl^e scale can be realised over a wide range of temperaturej 
from -200° C. to 500° C. with hydrogen itself. 


Fig. 7.— Scheme of standard constant volume hydrogen thermometer. 


In the original standard hydrogen thermometer of Chappnis 
(Fig. 7), the bulb T is a cylinder of platinum-iridium, of length 
110 cm., and volume one litre, communicating by a narrow tube to 
the manometer. The expansion of T is calculated and allowed for, 
and the fraction of the total gas in the communicating tube is small, 
so that two of the chief defects of the simple gas thermometer are 
overcome. The constant volume mark is a small pointer inside 
the manometer tube. The manometer incorporates a barometer, 
the glass tube of which is free to move vertically, carrying a vernier 
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which moves over a scale. ' There is a small pointer pg hiside the 
‘'Torricellian vacuum ” space of .the barometer, and the level of 
the mercury is brought to. coincide vith this. To measure the 
pressure, the reservoir M is first, moved to adjust the mercury to 
then the barometer is raised or lowered until touches its 

mercury surface (this upsets the first adjustment slightly, and there 
is a " fine adjustment ”, not shown, to allow for it). The vertical 
distance between p^ and pj gives the total pressure (H ~rk) of the 
gas, as is easily seen from the^ figure, for the pressure at the level A 
is atmospheric. 

Above 500° C. hydrogen diffuses through platinum and attacks 
glass or porcelain ; for higher temperatures, up to ioCK)° C., nitrogen 
(the constant volume nitrogen scale) is used instead. This sub- 
stitution means that slightly different corrections are applied to 
obtain the absolute thermodynamic temperatures from the readings. 
The accuracy at 1500° C. is to within 2®, w'hile between the fixed 
points the readings are accurate to 0*005°. 

Platinum resistance thermometer. The resistance of pure metals 
increases as the temperature rises. Callendar showed that the 
resistance of a piece of pure platinum varies with the gas thermo- 
meter temperature B according to the formula i? = (1 + -f ^6^), 

w^here Rq and R are the resistances at 0° C. and ^° C., and a and ^ 
are constants for the particular specimen used. 

Now, on the platinum resistance scale of temperature, w’^e say that 
equal changes in resistance denote equal changes in temperature. 
If Rq and R^qq be the resistances at the ice point and the steam point 
respectively, and R^ the resistance at 1 ?^,° C., then 




and 


=100 


■s„ 


■^10 0 ~ 



on the platinum resistance scale. This differs appreciably from 
the gas thermometer reading for the same temperature. Callendar 
show’-ed that the difference betw^n the gas thermometer tempera- 
ture 6 and the platinum resistance temperature is represented 
over a wide range by the formula 


where 8 is a constant for the particular specimen of wire, which 
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a 


.w 


may be obtained from a single obserYation at tbe 
boiling point of sulphur, for which 0 is accurately 
known. 

Fig. 8 shows the platinum resistance thermo- 
meter. The wire is wound doubled on itself (non- 
inductiyely) on aflat strip of mica which is enclosed 
in a tube of hard glass or glazed porcelain. The 
tube is either evacuated or filled with dry air. 
The leads are of copper (for use up to 700® C.), 
or platinum (for higher temperatures). 

A modified Wheatstone’s Bridge, called Callendar 
and Griffiths* Bridge, is used for measuring the 
resistance. In this, the ratio arms (Fig. 9) and 
i ?2 equal. The thermometer of resistance T 
with leads of resistance Z is connected in the third 
arm, and the fourth arm contains a knowm resist- 
ance B, in series with a pair of dummy leads 
exactly similar to those going to the thermometer 
itself, but connected together at the far end, which 
run alongside the actual leads so that they undergo 
the same change in temperature and therefore the 
same change in resistance. Between these arms 
is a uniform resistance wne, of resistance p ohms 
per centimetre ; a sliding contact of the usual 
kind is moved along this wire (J^F in the figure), 
until there is no deflection in the galvanometer. 
Then, as B^-B^, calhng ED^xmA 

B 1 -T xp = F + Z 4- yp 

T = F + (a;~y)p. 

The platinum thermometer has a wide range, 
ifrom -200® C. to 1000® C. It is extremely 
accurate over the w^hole of this range. Its chief 
disadvantage is the long time needed for it to take 
up the temperature of the surroundings, and time 
required for making an observation, so that it 
cannot follow rapidly changing temperatures. 
The time lag is reduced in some low-temperature types by using 
a silver case filled with dry air. 


Fxg. 8. — ^Platinnm 
resistance thermo- 
meter. 
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A high precision Wheatstone Bridge f t 

was designed by : E.; E. Smith for the^ I g 

accurate measurement of temperatures ^ R 

with platinum resistance thermometers. ^ 

The connections are so arranged that 

leads resistance may he eliminated during ^ / 0 

tests. Instead of the bridge- wire, a series ) / 

of 30 shunted coils is employed. This 
arrangement ensures permanency of cali- 
bration and gives greater precision and 

facility than the slide-wire method. The / / 

bridge coils are immersed in oil, which 

is circulated by means of a stirrer. If ^ JL 

a suitable thermometer is used and the p 

necessary precautions are taken, readings p *] 

may be made with this bridge to within ^ 

±0*002® C. over a range of -200® to ^ 

, CA Fig. 9. — Callendar and 

+ Griffiths’ Bridge. 

It is possible to construct recording 

instruments, in "which any deflection of the galvanometer pointer 
causes automatic adjustment of the siide-"vrire of a Callendar and 
Griffiths’ bridge, and a simultaneous movement of the recording 
pen across a chart. 

Thermoelectric thermometers. When a closed circuit made of 
two dissimilar metals or alloys has the two junctions (Fig. 10 u) 


Coid 



juncihrt 


Current 


Cold ^ 
junction 


Hot — Current 
junction 

(a) Thermocouple. 


junction 

{b) Thermocouple and galvanometer. 
Cold junction Indicator 


, Compensating / Copper ^ I 

C Thermocouple extension J Gable 

„ > ,1 ■ !.. •WWA/*' 

junction 

Besmiance 

(c) Practical thermoelectric thermometer for high temperatures. 

Fm. 10. 
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maintained at different temperatures, a current flows in the circuit. 
This arrangement is called a thermocouple. The size and direction 
of the current for a given pair of wires depends on the nature of the 
metals and the temperatures of .the junctions. If one junction is 
maintained at a steadjfetemperature, say 0° C., the temperature of 
the other may be estimated from the reading of a galvanometer G 
included in the circuit (Fig. 10 6). This is the basis of many 
commercial instruments, particularly those designed to give 

continuous records of temperature. 

In theory, it is more satisfactory 
to measure the electromotive force 
(E.M.F.) developed, instead of the 
current this causes, because the 
E.M.F. depends only on the temper- 
atures for two given materials, 
while the current depends on the 
total resistance of the circuit, 
which alters considerably as the 
temperature changes. In the 
laboratory, the e.m.f. would be 
measured by a potentiometer ; in 
industrial instruments, a high-re- 
sistance miilivoltmeter is used . It is 
not usual to employ a ** thermo- 
couple scale ’’, vuth e^^q^ 
ments in E.M.F. denotmg equ^ 
temperature ehanges. The thermo- 
couple is calibrated using several 
fixed temperatures, or an agreed 
formula to determine the tempera- 
ture from the e.m.f. is used. 

Kg. 11 shows the simplest possible potentiometer circuit set 
up. The resistances may of course have any suitable values, but 
the following simple figures show the principle. A 2- volt accumu- 
lator gives a steady current through a resistance AB of 99 ohms, 
in series with a uniform metre resistance vire BC of resistance 
1 ohm. The potential difference between A and B is 1-98 volts, 
and that between B and Q m 0*02 volt, so that the potential drop 
down mdi centimetre of BO is 0*0002 volt. One connection of 


An rndnstrial thermoelectric p3T- 
oroeter in \ise. The thermocouple 
is of the base-metal type, and the 
circuit that of Mg. 10 (c). 

By courtesy of the Foster Instmmertl 
Co., Ltd. 
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COmiON THERMO-ELECTRIC COUPLES 

the thermocouple goes to B, and 
the other is joined to the sensi- 
tive galvanometer and the 
circuit is completed by a' sliding' 
contact D which can move along 
BC. . When I) is in such a 
position that no current flows 
through the potential differ- 
ence between B and D down 
the wire must just balance the 
E.M.F. of the thermocouple. The 
distance BD is then measured- 
thermocouple is Z X 0-0002 volt. 
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Fig. 11“ 


-Simple potentiometer 
circuit. 


If this. the.'E.M:.F. of "the 

' A. circuit of this tj^e suffices for 
rough work only ; for accurate work a more complicated circuit 
incorporating a standard cell is needed. 

The combinations chiefly used in practice, the e.m.p. when one 
junction is at 0° G. and the other at lOO'^ C., and the maximum 
temperature at which the hot junction may be kept (much above 
the maximum temperature for continuous use) are given below : 

Platinum with platinum-riiodium (an alloy usually containing 13 per 
cent, of rhodium), 0*65 millivolts (thousandths of a volt), 1600^ C. 

** Chrome! *’ with ** aiumel (two alloys known by these trade 
names), 4*1 milMvolts, 1260® C. 

Iron with ** constantan (a copper-nickel alloy used for making 
resistances), 5*3 millivolts, 1090® C. 

Copper with constantan and aatimonj with bismuth couples are used 
in the laboratory for limited ranges of temperature ; the e.m.f. of 
the first is a little less, and of the second two or three times greater, 
than that of the iron- constantan couple. 

Platinum with piatinum-iiidimn (90 per cent. Pt, 10 per cent. Ir) 
is used up to about 1000® C.> above wkich the iridium tends to 
volatilise. 

In constructing a high-temperature thermometer (or pyrometer) 
using thermocouples, three considerations are important. First, 
the total resistance of the circuit must be made so high that chance 
temperature variations of resistance imnnot affect the mfllivoltmeter 
reading appreciably ; secondly, some means of keeping the cold 
junction at a steady temperature must be found — ^this may be done 
by using extensions made of materials which are thermo- 
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electrically the same as the materials of the couple, so that the cold 
Junction is effectively close to the galvanometer ; thirdly, the 
elements of the thermocouple must be protected from contamination 
by the use of suitable sheaths of metal or refractory material. The 
problems are somewhat different for mm metal thermocouples, which 
on grounds of expense are made of thin wires, and base metal 
thermocouples, which use wires or concentric tubes of any convenient 
thickness. The former have a higher resistance, a larger tempera- 
ture variation of resistance, and a smaller e.m.f. 

Fig. 10 (c) shows the scheme adopted in the thermoelectric 
pyrometers made by the Foster Instrument Co., Ltd. ; the ballast 
resistance is included to make the total resistance of the circuit 
high enough. 

Figures, kindly supplied by this firm, are contrasted below for 
a typical example of a rare metal thermocouple pyrometer of 
platinum with platinum-rhodium and a base metal outfit of chromel 
with alumel : 

Besistance of thermocouple stem when 
cold - - - - - « 

Probable variation of thermocouple re- 
sistance due to insertion to different 
depths and into furnaces at different 
temperatures - - - - - 

Besistance of copper cable - - 

Besistance of copper coil in indicating 

millivoltmeter 

Probable change in resistance of cable 
and coil due to change in atmospheric 
temperature - - - • . 

Therefore probable total change in cir- 
cuit resistance 

Minimum total resistance by addition of 
ballast in order that above change in 
resistance does not exceed 1 % of the 
total resistance - - 

E.M.r. of thermocouple at 1000° 0. 

Current flowing in moving coil of indi- 
cating millivoltmeter, generating the 
operating force, in milliamperes (thou- 
sandths of an ampere) at 1000 °0. - 

Mr ' ! 

The rare-metal couple clearly needs a millivoltmeter eight times as 
sensitive, and therefore less robust, than the other, for corresponding 
accuracy in temperature indications. 


Bare Metal, 

Base Metal, 

2 ohms. 

0*1 ohm. 

1 ohm. 

1 ohm. 

0-01 ohm. 
0-25 ohm. 

24 ohms. 

2 ohms. 

1 ohm. 

0-09 ohm. 

2 ohms. 

Od ohm. 

200 ohms. 

10 millivolts. 

10 ohms. 

40 millivolts. 

2 - 0 % = 0*05 m.a. 

= 4 m.a. 
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Sheathing is also a difficulty with the platinum alloy couples, since 
the sheath must not only prevent contamination by fhmace ga^ses, 
but must also be at the same time stout enough to afford mechanical 
support and thin enough to prevent undue lag in following changing 
temperatures.: 1400® C. is the highest temperature such p^Tometers 
can be used for, since although the couple is effective up to 1600® 0., 
no sheathing material which is satisfactory above 1400® C. has been 
found. '■ 

The electrical instrument is, in every case, graduated to read the 
temperature directly in degrees ; by causing the pointer to mark a 
rotating drum, continuous records are obtainable. 

■ OTHER IMETHODS OF IMEASHRIHG TEMPERATURE 

(a) Mercury-in-steel thermometers. The expansion of the mer- 
cury operates a gauge of the Bourdon type — a fiat spiral made of 
hollow tubing of elliptical cross-section, which tends to straighten 
under pressure, like the paper “ blow-out toys which work on the 
same principle — showing a pointer moving over a graduated dial, 
or an inked pen for a permanent record. Fig. 12 illustrates a 
recording thermometer of this type. The range is -40® C. to 
600® C., and the readings can be transmitted up to 120 feet. 

(b) Vapour pressure thermometers, (i) Industrial recording tker* 
mometers similar in action to the mercury in steel type, using 
suitable organic liquids at low temperatures and mercury for higher 
temperatures, the vapour pressure operating the Bourdon gauge, 
are made. The range of any one thermometer is narrow, but they 
are very sensitive, (ii) At very low temperatures, in the neighbour- 
hood of the normal boiling points of the per manent gases, the vapour 
pressure of a liquefied gas is the property used to estimate the 
temperature. At very low temperatures indeed, the vapour 
pressure of helium is used ; the pressure is measured by a suitable 
manometer (which is usually a vacuum gauge at very low tempera- 
tures), and no actual “ thermometer apart from this is used. 
The temperature on the absolute thermodynamic scale is obtained 
from the formula connecting vapour pressure and temperature. 

(c) Radiation and optical pyrometry, for very high temperatures. 
Both thme methods apply, in different ways, accurate quantitative 
observations of the well-known facts that as the temperature of a 
very hot body rises, it glows more brightly (the basis of radiation 
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Fig. 12. — ^Recording mercury -m-steel thermometer. 

By courtesy of the Cambridge Instrument Co,, Ltd, 

pjTTometers ’*) and also changes in colour, from a dull red at about 
600® C., Dhrough orange at about 1100® C., to white, from 1400° C. 
upwards (the basis of optical pyrometry A knowledge of 
the law^s of radiation is needed before the action of these instruments 
can be explained at all, and a full account is given in Chapter IX. 

[d) Magnetic thermometry. The magnetic susceptibility of 
paramagnetic substances varies with the temperature, and this 
method has been used at the lowest extremes of temperature. There 
is some difficulty about relating the susceptibility scale, called the 
Curie Beale, to the absolute thermodynamic scale at these low 
temperatures, and readings are often expressed simply on the Curie 
S<^le. 

{e) Bimetallic thermometers, chiedy used as recording instruments, 
are described on p. 98. 




OTERXATIOHAL" FIXED POIXTS 
THE IXTERXATIOXAL TEMPERATURE SCALE 
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The fundamental scale ■ of temperature is the absolute therm, o- 
d\Tiam.ic centigrade .scale, mth the "ice point and stCfam point as 
0® C. and 100® C. respeetivelj. .. The scale of the heliiiiii gas thermo- 
meter is the nearest. approach to this scale. In 1027, the Interna- 
tional Committee of Weights and 'Measures agreed upon a scale 
which is as close to the absoluteCthermodTOamie scale as present 
knowledge permits. 

The problem in devising a scale is two-fold. First, reproducible 
fixed jjoints must be agreed upon .; and secondly, the means of 
interpolating temperatures . between the fixed points (that Is, 
suitable thermometers) must be prescribed. ■ 

The international fixed points' are the following equilibrium 
temperatures, all under' a pressure of one standard atmosphere. 
The symbol t is here used for temperatures on this scale. 


Equilibrium between .liquid .and .gaseous oxygen 
(Oxygen Point) - - - . - 

0*0126 ip - 760) ~ 0*'0000065 (p - 760)2 
Equilibrium between solid and gaseous carbon dioxide 
^i, = C6o~r 0*01595 (p - 760) - 0*0000111 (p-TOOj^ 

Fr(^* 2 ing mercury 

Equilibrium between ice and air-saturated water 
at normal atmospheric pressure (Ice Point) 

Transition of sodium sulphate 

Equilibrium betw'een liquid water and its vapour at the 
pressure of one standard atmosphere (Steam Point) 
t.p = ^0 + 0*0367 (p ~ 760) - 0*000023 (p - 760)2 
Condensing naphthalene vapour - . . - 

= ^760 T" 0*058 (p ~ 760) 

Freezing tin, , ■ 

Condensing benzophenone vapour 
+ 0*063 (p-760) 

Freezing cadmium - - - - 

Fre^ezing lead - - - - - 

Freezing zinc 

Equilibrium between liquid sulphur and its 
vapour at the pressure of one standard atmo- 
sphere (Sulphur Point) ------ 

tp = Leo + 0*0909 (p - 760) - 0*000048 (p - 760)2 
Freezing antimony - - ■ - 

Freezing silver (Silver Point) ' 

Freezing gold (Gold Point) . . - - , 

Freezing copper in a reducing atmosphere 

Freezing palladium 

Melting tungsten - . , • ■ - - 


- '182*97®, a 
-78'5'®C. 

- 38*87® C. 

0*000® a 

32*38® C. 

100*000® C. 

217*96® C. 

231*85® C. 
305*9® C. 

320*9® C. 
327*3® a 
419*45® C. 




24 


A TEXT-BOOK . OF HEAT 


The temperatiire for a particular equilibrium at a pressure of 
p mm. mercury is deduced from the formulse given, being the 
temperature at standard pressure. The named temperatures 
(Oxygen, Ice, Steam, Sulphur, Silver, and Gold Points) are the 
primary standard temperatures. 

The thermometers specified are : 

(а) from the ice foint to 660° C. : the platinum resistance thermo- 
meter using the formula i2^ = i?Q{l where the constants 
i?g, a, and b are determined from observations at the ice, steam, 
and sulphur points. 

(б) from -190° C. to the ice point : platinum resistance thermo- 
meter, using the formula i?^==i?o{l +a^ + 6if2+c(!5-100)#}, where 
the four constants a, 5, and c, are found using the three fixed 
points above, together vith the oxygen point. 

(c) 660° C. to the gold point : measurement of the e.m.f. of a 
platinum -- platinum-rhodium thermocouple, with one junction 
at 0° C., while the temperature of the other is defined by the equation 
E^a + ht-\-ct^, where E is the e.m.f* and a, b, c Shie constants. 

{d) above the gold point: the intensity of radiation of a given 
wave-length from a black body at f 0. is compared with the 
intensity of the same radiation from a black body at the gold point. 

It should be noted that there is no standard platinum resistance 
thermometer, since the behaviour of different samples varies. 

Since 1927, the boiling points of nitrogen, neon, hydrogen, and 
hehum have been determined on the thermodynamic scale with 
sufficient certainty for their use as fixed points in very low tempera- 
ture work. A further account of the measurement of low tempera- 
tures is given on pp. 324 and 325. 

Names and symbols. Absolute zero. The word '' absolute ’’ means 
‘‘ real, not merely relative or comparative and when applied to 
temperature measurements the term absolute scale ’’ should mean 
the one scale (that is, system of measurement) which is quite inde- 
pendent of the properties of any one particular substance. This 
is its strict meaning, and though the term is commonly used in 
another sense it should be clear that we cannot confer the attribute 
of absoluteness upon temperatures measured on some arbitrary 
system simply by adding 273 or any other number, for this merely 
changes the names of the temperatures without in any way altering 
the fact that they have been allotted in an arbitrary way to begin with. 
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Tb.e word “ centigrado ” refers : to the naming of the lee point 
as 0® and the steam point as ■ 1(H)®, . The: same MMai'mi is emjiloYed 
for various scahs. For esamplej. we speak of a temperature of 
50® C, on the mercury-in-glass.. -scale j . or a temperature of 50® (1 on 
the platinum-resistance scale, or .a temperature of 50' C. on the con- 
stant volume gas .scale,: or a temperature of 50® C, on the absolute 
thermodjuiamic scale.. This. last point is important ; here is a 
temperature stated in the centigrade mtation and .measured on.; the 
absolute thermodynamic system. 

The symbol chiefly used in this book, except for one section of 
Chapter Vll, to denote a temperature on any scale using the 
centigrade notation is 6^ C. . Usually it will be assumed that this 
refers to the absolute thermod^mamic centigrade scale, and that 
the thermometers concerned have heen calibrated to give readings 
on this scale ; if any particular arbitrary scale is used this will be 
stated. The symbol f C, may also be used vliere there is no need 
to reserve the English letter to denote time. 

It will be seen later that there is an absolute zero of temperature, ■ 
that is, a true and not arbitrarily chosen zero in the same sense that 
the pressure in a perfect vacuum is the absolute zero of pressure.- 
The temperature of the absolute zero on the absolute thermo- 
dynamic centigrade scale is - 273*2® C. to the nearest 1 /lO®.* On 
the constant volume hydrogen centigrade scale this temperature is 
.-273*0.3® C..' ' 

For many purposes it is convenient to measure temperatures 
upwards from absolute zero. The ice point is then 273*2® on the 
absolute thermod;>mamic centigrade scale starting at absolute zero, 
and the steam point is 373*2® on the absolute thermodjmamic 
centigrade scale starting at absolute zero. The terms absolute 
scale and absolute temperature are used to indicate tempera- 
tures measured on the absolute thermodynamic scale starting at 
absolute zero. The names ‘‘Kelvin scale” and ‘‘temperature in 
degrees Kelvin ” are used to remove the slight ambiguity mentioned 
below. The symbol f® K. is used to denote a temperature on this 
scale ; to convert a temperature C. on the absolute thermodynamic 
centigrade scale to its value on the Kelvin scale, the relation is 
r a ^(^ + 273*2)® K. 

On the constant volume hydrogen centigrade scale the tempera- 
ture of the absolute zero is -273*03® C. Thus, on the constant 
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volume hydrogen scale starting at absolute zero tl|e temperature of 
the ice point is 273-03% and the temperature of the steam point is 
373*03°. The terms absolute scale ’’ and '' absolute temperature 
are used to indicate temperatures measured in this way. It is a 
contradiction in terms to speak of the absolute constant volume 
hydrogen scale'’, for of course merely renumbering the same 
sequence of degrees cannot convert an arbitrary scale into an 
absolute one. But, if we understand the fv^ord absolute ” here to 
mean starting at absolute zero ” there is no real objection to using 
the term. 

For all purposes except the most refined measurements, the 
temperature of absolute zero is taken as the approximate figure 
-273° C. The temperatures of the ice point and the steam point 
are then 273° and 373° respectively. This scale, for which the 
name ter centesimal scale” has been suggested, is best regarded 
as an approximation to the absolute thermodynamic scale ; the 
terms “ absolute scale ” and absolute temperature ” are used in 
connection with it. This seems consistent enough if it be supposed 
that these temperatures are obtained from the true absolute 
thermodynamic centigrade temperatures by superposing an approxi- 
mate value for the absolute zero. 

The symbol 2^° A. or T° abs. vill be used to denote temperatures on 
the constant volume hydrogen scale measured up from absolute zero, 
and also for temperatures on the approximate scale measured up 
from - 273° C. Thus, if C, denotes a reading on the constant 
volume hydrogen scale, the corresponding '' absolute ” temperature 
is (0+ 273*03)° A., while if ^°C. denotes a reading on the absolute 
thermod 3 niamic centigrade scale the corresponding reading on the 
.approximate absolute scale is (^ + 273)° A. The symbol K is 
reserved exclusively for the true Kelvin scale. 

To sum up, the term “ absolute temperature ” is generally used to 
indicate the notation employed, that is, to denote temperature 
measured up from absolute zero. The measurement may or may 
not be made on the Kelvin absolute thermodynamic scale, so to 
'distinguish these two possibilities the name “ degrees Kelvin ” (°K.) 
is used for the true absolute scale temperature, and degrees 
absolute ” (°A., or ° abs.) for temperatures measured by other means 
on any other scale numbered up from absolute zero. 


QUESTIONS , \ -27: 

^ QUESTIONS-' ONXTLiPTEB I ' 

1. Explain the principles- used in -establishing a scale of temperature. 

Give an account of experiments you could perform,, using quite.? 

distinct physical properties,.' in. order .to determine the temperature of 
a ll€|uid bath (about -ilD' C.), without using a mercury or other liquid 
thermometer, but using normal laboratory equipment. (L.) 

2. Describe a clinical thermometer, and point out lio-'W its construction 
makes it (u) sensitive, (b) quick acting, (e) self registering. 

Give reasons for and .against the- use of mercury as a themiometric 
fluid. ' ■ 

3. Describe the construction and graduation of a mercury thermo- 

meter, no other thermometer being available. What procedure must 
be adopted in using the. instrument in .order to obtain the highest 
accuracy of w'hieh it is capable ? Point out in what respects & gas 
thennometer is superior to a mercuiy thermometer. , (L.) 

4. Describe a constant-volume .air' thermometer, and 'explain how an 
interval of U’ C. is, defined on 'the 'scale of this instrument. 

The following readings were . obtained with a eonsta'nt-volume air 
thermometer : 


1 

i 

Level of 'infsrciiry 
in closed limb. 

Level of mercuiy 
in open limb. 

Bulb in melting ice - - - . 

Bulb in steam at 7 6 cm. pressure 

Bulb at room temperature 

136 mm, 

136 

136 

112 rnm. 
300 

160 


Calculate the room temperature. (O. & C.) 

5. is meant by saying that the boiling-point of a certain liquid 
is 400° C.? 

Describe a thermometer which would enable you to read such a 
temperature, and explain how its readings are obtained. (O.) 

6. WTiat do you understand by (a) the perfect g^ts scale of tempera- 
ture, (6) the platinum resistance scale of temperature? Why do the 
scales give difterent numbers for the same temperature if that tempera- 
time is neither that of melting ice nor that of water boiling under 
standard pressure? 

TOiat experiments would you make to determine the corrections 
necessary to convert platinum scale temperatures to perfect gas scale 
temperatures? (C.S.) 

7. Explain how a scale of temperature is defined, illustrating your 
answer by reference to a liquid in glass thermometer. 

A thermometer is constructed with a liquid which expands according 
to the relation Fj^Fo where F® is the volume at 0® C., 

F| the volume at C. on the scale of a gas the.rmometer, and a and & 
are constants. If 5 -.a/ 1000, what will the liquid thermometer read 
when the gas thermometer reads 50° C.? (C.B.) 
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8. What is meant by the fixed points of a mercury thermometer? 
How rocW they be foimd, and what further experiments must be made 
before it can be stated that the temperature of a certain body is 15'" C. ? 

(C.S.) 

9. Define a degree centigrade on (a) the constant volume scale, 
(b) the constant pressure scale, for a gas. Show that if Boyle's 
holds for the gas the mean coefficient of increase of pressure at constant 
volume and the mean coefficient of expansion at constant pressure 
between 0"^ C. and 100“ C, are equal, and that the constant volume 
scale and the constant pressure scale agree with one another. 

Explain how temperatures are measured by means of a platinum 
resistance thermometer. (G.S.) 

[Eeference to pp. 134-189 in Chapter IV should he made for part. of., 
this question,] 

10. How is a centigrade temperature defined on (a) a constant- 

volume gas-thermometer, (5) a platinum resistance thermometer? 
Give an account of platinum resistance thermometry. (O, & C.) 

11. Describe two methods suitable for measuring high temperatures 

of the order of 1000“ G. (O. & C.) 

12. What is meant by a scale of temperature, and on what does the 
definition of any particular scale depend ? 

If alcohol is to be used as a thermometric liquid, how would you 
determine what temperature on the alcohol scale of temperature 
corresponds to 50“ C. on the gas scale ? (O. & C.) 

13. Discuss the measurement of temperature, and explain how 
temperature is defined on the scale of a given type of thermometer. 

When used to measure temperatures of about 300“ C. the readings 
on the scale of an accurate mercury thermometer are about 2“ higher 
than those of an accurate air thermometer. Why is this, and what 
reasons, if any, are there for adopting one scale rather than the other? 

(O. & C.) 

14. What is meant by the absolute scale of temperature? Describe 
some form of thermometer by which absolute temperatures can be 
measured. Show, in detail, how you would use it to measure the 
temperature at which pure lead solidifies, explaining how the tempera- 
ture is to be calculated from the measurements you would have made. 



CHAPTER II 


THE MEASUREMENT OF HEAT ' 

Wheh a hot Body and a eold body are placed in contact, it is 
observed that" the' hot body becomes cooler and the eold body 
becomes warmer, and that this continues until both are at the same 
temperature* To explain this, we say that heat has passed from the 
hotter to the cooler body. This is merely a suggestion as to the cause 
of the observed effect. It is not in itself an observation^ still less a 
satisfactory definition of heat. At one time men believed that heat 
was a weightless material fluid, and that temperature corresponded 
rather to hydrostatic pressure. It is not intended at this point 
to anticipate the work of Chapter VI, but it seems best to state 
some of the familiar observations which lead us to believe that 
heat is really a form of energy. 

Heat is produced by the expenditure of mechanical energy (as in 
the brake drums of a car, or the bearings of any machine), of 
electrical energy (when an electric current flows in a conductor), of 
chemical energy (when coal is burned, or a mixture of hydrogen and 
oxygen exploded) and in several similar ways. Recent calcula- 
tions suggest that the heat emitted from the sun is really derived 
from a chain of reactions between atomic nuclei in which atomic 
emrgy is converted into heat. It is rather easier to produce heat 
than to employ it satisfactorily for the generation of other forms of 
energy ; but heat is converted into mechanical energy in the steam 
engine and the internal combustion engine, is converted into electrical 
energy hi the thermocouple, is absorbed in such chemical actions as 
give products with a greater store of chemical energy than the 
original substances. We say then that heat is one of the several 
different forms of energy. 

This is begging the question, and merely substituting one name 
for another, if w'e are not already quite clear as to the meaning of 
energy. The energy of a body, or system of bodies, is ite capacity for 
doing work. Work is done when a force moves the body to which it 
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is applied, and is measured by the product (force x distmice moved 
in the direction of the force). The units chiefly used are one foot- 
pound (ft. Ib.), which is the work done when a force of one pound- 
weight moves its point of application one foot ; one erg, which is the 
work done when a force of one d}Uie (1/981 gm. wt.*) moves its 
point of application one centimetre, distances in the direction of 
the force being understood in each case ; and one joule, which is 
10 "^ (ten miilion) ergs. Energy is measured in units of work, just 
as a banlc balance, which is a capacity for spending money, is 
reckoned naturally in units of currency. There is a wilful confusion 
in popular speech between the words energy and power ; we call a 
station which generates electrical energy from heat energy a power 
station Power means rate of working, and is commonly expressed 
in horse-power (1 h.p. is a rate of working of 550 ft. lb. per second), 
watts (I watt is a rate of working of one joule per second), or kilowatts 
(1 kw. is a rate of working of one thousand joules per second). 

There is no compelling reason why we should not measure heat 
in ergs or joules or foot-pounds, and where this is 'trvost convenient it 
is done. One of the chief domestic sources of heat is eiectricit}^ 
The electric meter records in mechanical units the energy supplied 
to the electric heater. The Board of Trade Unit, or kilowatt-hour, 
is the energy supplied at the rate of one kilowatt ( 1,000 watts) for 
one hour (3,600 seconds), and thus equals 3,600,000 joules, and we 
pay, at so much a unit for the actual energy used. 

Heat units. A 300- watt electric immersion heater, ^vhen con- 
nected to a mains supply at the correct voltage, is converting 300 
joules of energy into heat each second, and is thus producing heat 
at a uniform rate. Take a large copper vessel (called a calorimeter) of 
about one litre capacity, pour into it about 500 grams of water, insert 
the immersion heater, and note the times taken for the temperature 
to rise 5®, 10®, 15®, 20® C,, stirring well. These times are found to be 
roughly in the ratio 1 : 2 : 3 : 4— that is, the quantities of heat put 
In are in the ratio 1 : 2 ; 3 : 4— or in the same proportion as the rises 
in temperature. Hence, for a fixed mass of water, the heat supplied 
is proportional to the rise ii temperature. 

Now select a certain temperature rise, say 10 ®. Use in turn 
maases of 300, 600, 900 grams of w’'ater, and note the times taken 

* “ f cl 3 ra.es =c 1 gm. wfc., whem g stand® for the accelaation of gravity at 
the place considered. ; " . 
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for the :'reqiiire<i. temperature rise' to oeeur. These times are roughly 
.In. the .ratio,! :''3 : 3, suggesting, that, for a fixed temperature rise, 
the 'heat supplied, is proportional to the mass of water used. 

. ; CoinbiniB.g the two .sets of results, .it appears that the heat supplied 
is proportional to both the mass of water and the temperature 
.rise, or , ’ 

quantify of heat supplied az rmss of waier x temperature rise. 

Unit quantity of h.eat on any system is taken as the quantity of 
heat required to raise the temperature of unit mass of water through 
one degree, the actual degree interval 'being specified for precise work. 
Water is taken as the standard substance on account of its unlTersal 
availability, because it is already taken' as the standard for many 
other purposes, and because the quantity of heat required per unit 
mass to produce a temperature rise of one degree is not ' greaHy 
different at different temperatures. 

In choosing water as the standard substance for this' and other 
purposes, the possibility of “heavy water’* composed' of heavy 
isotopes of hydrogen and oxygen was natu.ra:i.Iy not foreseen ; 
fortunately ' ordinary water as. obtained from fresh'water lakes 
and from the tap- water of vari.ous cities appears to be extremely 
uniform' in its properties. The relative abundance of the di,fferent 
isotopes P',H:2H= 6900:1, and : 1 :0-2) in, 

ordinary uuter can now be stated with some precision, and it is 
found to be very constant. So ordinary water is a quite definite 
standard substance, and recent discoveries have not jeopardised its 
character in this respect. 

In the ]\Ietric System, the unit quantity of heat is called the 
calorie. This is the quantity of heat required to raise the tem- 
perature of 1 gm. of water through one centigrade degree— 
from 14*5^* C. to 15*5® C, for accurate work, when we speak of the 
15^0. calorie. Some experimenters have used the 20*^0. calorie, 
the chosen degree being from 19-5® C. to 20-5° C., while in experi- 
ments involving large ranges of temperature the “ mean calorie 
which is 1/100 of the quantity of heat required to raise 1 gm. of 
water from 0® C. to 100® C,, is 'used. *' 

The work di6cuss«i in this book will not in general require these 
fine distinctions, but it is well to be aware of them. We shall 
always assume that the quantity of heat required to raise the 
temperature of 1 gm. of water through one centigrade degree is the 
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same wherever that degree is chosen. It might be asked whether 
after ah it would not be better to measure heat in energy units. 
This would ensure perfect consistency, and it is often done ; but 
in practice it is not always a simple measurement to make. Accepted 
values for the Mechanical Equivalent of Heat (symbol J)^ the 
number of energy units equivalent to one heat unit, are : 

1 lo'' calorie =4-1852 x 10’ erg. 

1 mean calorie =4-1832 x 10’ erg. 

There is in addition the unit adopted by international agreement, 
called the International Steam Table Calorie ” (I.T. calorie), 
such that 1 I T calorie =4-1868 x 10’’ erg. 

In some branches of science the name “ calorie ’’ is used for the 
kilocalorie, w'hich is the quantity of heat required to raise the 
temperature of one kilogram of water through one centigrade 
degree. This is not at present done in Physics. 

In the British System, the British Thermal Unit (B.Th.U.) is 
the quantity of heat required to raise the temperature of 1 lb. of 
water through one Fahrenheit degree. The therm, which equals 
100,000 B.ThU., is a Mrger unit used chiefly in calculating gas 
bills, which are now made out so that the consumer pays for the 
heat provided instead of for the volume of gas w^hich has 
passed through the meter. Engineers also use the pound-degree- 
centigrade unit, which is the quantity of heat required to raise the 
temperature of 1 lb. of water through one centigrade degree ; this is 
9/5 B.Th.U. 

The heat supplied to, or gained by, a mass of water, measured 
in any of the above units, is then equal to the product mass of 
water x temperature rise. 

Thus, 

heat gamed ^mass of water x temperature rise. 

It is clear that the quantity of heat removed when 1 gram of water 
cools one C. degree equals one calorie, otherwise it would be possible 
to accumulate or destroy liieat indefinitely by alternate^ heating 
and cooling a mass of water for a sufficient number of times. Hence 
we can write for the quantity of heat removed when any mass of 
water cools through any temperature range, 

heat lost = mass of water x temperature fall. 
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■ : : WATER. EQUIVALENT 

.. .Water ...eqiiiyalent. and heat capacitj . 
of a' body... The rough demonstration 
.experiments, outlined on p.. .30 left 
out . .of,, account the .fact that the. 

.copper, coritai.iier was in every case 
being heated,, and therefore taking,, in 
a C'ertain quantity of heat. The effect 
is thus as If there had been a little 
extra water in the vessel. We can find 
directly the mass of water to which the 
vessel is equivalent (called .its water ', Fm. IS. ■ 

equivalent) in the following way. Take 

masses of 200. gm., 300 gm., - 400 gm., of water in turn, heat with 
the immersion heater for exactly the same time, and note the rise 
in temperature at the end of each heating. I-ct in be the mass of 
water in any experiment, t the rise in temperature observed, and 
w the water equivalent of the vessel. Then the heat supplied is 
calories, which, as it is the same each time, will be denoted 
by the constant a. Hence {ra~rw) and a graph of m against 
I jt is a straight line AB cutting the 7W-axis when m ^ - w, so that w 
is determined from the intercept OA in Fig. 13. The heat capacity, 
or thermal capacity, of a body is defined as the quantity of heat 
required to raise the body through one degree. As iv calories are 
needed to raise w grams of water through one degree, the value of 
the thermal capacity {in calories per centigrade degree) will be the 
same numerically as the water equivalent {in grams of water). This 
is not strictly true, for the quantity of heat required to raise w gm. of 
water through one degree depends on the temperature at which 
that degree is situated ; but it is consistent with the assumption 
of p. 3L 

Specific heat. In the experiment of the last section, a large copper 
can, weighing perhaps 300 gm., will be found to have a water 
equivalent of about 30 gm., or a heat capacity of about 30 calories 
per centigrade degree. It is evident that one gram of copper 
requires very much less heat to raise it%ne centigrade degree than 
does one gram of water. We will discuss this point further, with 
reference to a liquid first. 

Place the Immersion heater into equal masses of paraffin and 
water in turn ; for experiments of this type, it suffices to use a 
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measuring cylinder, and as the specific gravity of parafiSn is 0*8, 
500 e.c. of water and 500/0*8, or 625 c.c* of paraifin would be 
suitable amounts. With such large masses, the thermal capacity 
of the vessel is relatively small. In each experiment, observe the 
time taken for the temperature to rise through the same range of 
temperature, say 20°. The time for the paraffin is about half that 
for the same mass of water, so the quantity of heat required to raise 
the paraffin through this range of temperature is about half the 
quantity of heat required to raise the same mass of water through 
the same range of temperature. Or, applying this to each degree 
rise of each gram of paraffin, 1 gm. of paraffin requires about half 
as much heat to raise its temperature one centigrade degree as does 
1 gm. of water. But 1 gm. of w^'ater requires one calorie to raise 
its temperature through one centigrade degree, hence 1 gm. of 
paraffin requires about half a calorie to raise its temperature through 
one centigrade degree. This introduces the idea of specific heat. 

The specific heat of a substance is usually defined in two ways : 

(1) The specific heat of a substance is the ratio of the quantity of heat 
required to raise the temperature of a certain mass of the substance through 
& certain range of temperature to the quantity of heat required to raise the 
temperature of the same mass of water through the same range of tem- 
perature. 

According to this definition, specific heat is a ratio between two 
quantities of heat, and is thus a number with no units. Further, if 
one quantity of heat is one-tenth or one-half the other, this ratio 
is quite unaffected by the units employed for measuring the quantities 
of heat, provided the same units (calories, B.Th.U., ergs, joules, or 
any other) are used for both of them. Thus the value of the specific 
heat does not depend on the system of units chosen, and is the same 
in ail vsystems. 

(2) The specific heat of a substance is the quantity of heat, measured in 
calories, required to raise the temperature of one gram of the substance 
through one centigrade degree ; or, in British units, the quantity of 
heat, measured in B.Th.U., required to raise the temperature of 
one pound of the substance through one Fahrenheit degree. 
According to this definition, the units in which specific heat is 
expressed should be calories per gram per centigrade degree 
with a corresponding British system version. 

There has been much discussion as to the relative merits of the^ 
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two definitions* ,It appears, from The argument used at the end of 
the para,fiin experiments t,hat the result is numerically the same 
wliiclieirer definition is em,ployeds. at^- least to the accuracy required 
: ill thi,s, book. But .they are, no'^^rcafiy alternatwes at all, since they 
define two. .different things. Definition .1 dell’berately compares the 
thermal be.haviour of the substance with that of water ; it defines 
the specific. heat of the substance relative to that of water, and the 
value .of the specffic heat of water itself depends on the temperature 
range, chosen.. It is the relative specific heat, ■ 

Definition. ,2 deals with the quantity of heat energy gained during 
a certain temperature change by a certain mass of the substance. 
It so bappens that the unit in which the heat energy is measured is 
defined with reference to w^ater, but it can be realised in terms of 
the absolute unit of energy, the erg, and could equally w^eli be defined 
as a number of ergs. There is thus no comparison, either explicit 
or implicit, betw^een the substance and water in this definition. 
It defines what may be termed the absolute specific keai of the 
substance. 

It is urged frequently that the term “ specific should be reserved 
to denote comparative or relative quantities, specific gravity 
(but not specific volume ” or specific resistance ‘ ) serving as 
precedent. If this be widely accepted, then definition 1 is that of 
specific heat, while the quantity of definition 2 is best renamed 
entirely, as thermal capacity of unit mass ”, for which some such 
name as “ calorance ” or thermivity ” may yet be coined. 

In Kaye and Laby’s Tables ”, some specific heats are given as 
numbers, others are specified as relative to winter at lo® C.”, and 
the specific heats of gases are expressed in the units calories per 
gram per centigrade degree 

In this book, the term specific heat ” is used in the text to 
denote the absolute specific heat, or thermal capacity of unit mass, 
any appropriate tmi ts of emrgy and mass betTig uaed>* When numerical 
values are stated without the units being specified, these are to be 
understood as '' caL per gm. per C. degree 

The specific heat of a substance must not be regarded as a 
constant, for the specific heat of all substances varies with the 
temperature. For example, in the case of diamond, the specific 
heat at - 186° C. is 0-0025, at 22° C., 0-122, and at 827^ C., 0-429 ; 
the specific heat of copper is 0-91 at 0^ C., and 0-95 at 100° C. 
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In many cases, for example with ferromagnetic materials and 
alloys like brass, there is a sharp and very considerable rise in specific 
heat in the neighbourhood of temperatures associated vdth changes 
in internal structure. We should therefore distinguish between the 
specific heat of a substance at a given temperature, and the wmn 
specific heat over the range between two given temperatures, which 
is the quantity usually found by experiments and required m 
calculations. Unless the contrary is stated, the mean value over 

the appropriate range is referred to. 

Let a quantity of heat Q calories be supplied to a body oi mass 
m gm., and raise its temperature from i9i °C. to 8^ °C. Let s be the 
mean specific heat between these two temperatures. Then the 
number of calories required, on the average, to raise 1 gm. ot 

the substance through one centigrade degree is _ 

- ''e ' 

This can be turned round and written as 
Q=tos(02-0i). 

or, in w’ords, 

heat gamed = massx specific heat ><,iemperature rise. 

Similarly, when a body loses heat and the temperature falls, 
heat lost - mass x specific heat x temperature fall. 

Again, let a smaU quantity of heat SQ be supphed to a body of 
mass m at temperature r C., and raise its temperature to d+he° C. 
Let s be the mean specific heat over this small range of temperature. 

Then BQ-=mshe, 

■■ 80’ 

and in the limit, when 8Q and 80 are both exceedingly small, 

- 1 ^ 

^ m dd 

This gives the specific heat at the temperature 0 C. 

To raise the temperature of a body of mass m and specific heat 
s through ome degree requires ms calories. Thus 

thermal capacity = mass x specific heat. 
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There iS' one further point, which is. chiefly of interest in dealing with 
gases. Gonsider unit mass of gas, contamed In a vertical cjiiiider 
with a movable- piston on. w“hich weights may be placed to alter 
the pressure on t,he gas. ' Supply sufficient heat to raise the tempera- 
ture of the gas by at the same time keeping the volume constant 
by increasing t,he load ■ on- the piston. The quantity of heat supplied 
is called the specific heat at constant volume. Isow start the opera- 
,tion afresh, with the same initial conditions. Supply sufficient 
heat to raise the temperature of the gas l® G.,.biit this time mthout 
. altering the weights on the piston.- The quantity of heat supplied 
is called the specific heat at constant, pressure. The gas expands, 
raising the weights, and so- dmng work upon (in external bodjp The- 
specific heat of the gas at constant pressure must be greater than the 
specific heat at constant volume, for in addition to raising of the 
temperature of the gas, ike energy required to do the 'work to raise ihe 
iceights must also be furnished. The specific heat of a gas thus 
depends on the conditions under which the heat is supplied. Con- 
stant volume and constant pressure are only tw'o out of innumerable 
sets of conditions, so the specific heat of a gas may have any one of 
innumerable different values. 

These considerations do not arise in dealing with solids and 
liquids in ordinary conditions; the specific heat determined is 
that at constant pressure, and the value at constant volume can if 
necessary be calculated from this. The specific heat at constant 
pressure is as much as 5 per cent, greater than that at constant 
volume for some metals. Though the expansion is very small, the 
work which must be done against the elastic forces between the atoms 
in order to produce even a small given extension by mechanical 
means is appreciable ; and the same amount of energy must 
be furnished as heat to provide the same amount of w’^ork when the 
same extension occurs as the result of thermal expaxision. It is 
because ail measurements are made at constant pressure in all 
practical cases, rather than because of the magnitude of the difference^ 
that the specific heat at constant pressure is the only one considered 
for a solid. 

Latent heat. When a solid is melted, the change of state takes 
place at a definite temperature under given fixed conditions. 
Experiments using a constant source of heat make it evident that 
heat must be supplied in order to melt the solid. The reverse 
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change demands the removal of heat. The quantity of heat required 
to change unit mass of a substance from the solid to the liquid state mthoiit 
change of temperature is called the latent heat of fusion of the substaiioe» 

When a liquid is vaporised, heat must be supplied. In the case 
of ordinary evaporation, heat is drawn from the surrounding liquid. 
When the liquid is boiling, at a fixed temperature under a given 
pressure, the heat supplied causes the liquid to vaporise at a fixed 
temperature. The quantity of heat required to change unit mass of a 
substance from the liquid state into vapour without change of temperature 
is called the latent heat , of vaporisation (or evaporation) of the substance. 

The word latent means '' hidden ”, and the idea is that the 
heat which is supplied to melt a quantity of ice, for example, is 
really stored in the resulting water. As will be seen later, this heat 
has really been used in doing the mechanical work necessary to 
change a rigid solid body into a fluid ; and similarly the latent heat 
of evaporation is really expended in doing mechanical work in 
converting a fluid of definite volume into the gaseous state. 



A very rough experiment, which assumes a bunsen burner to be 
a constant source of heat, may be used to give an idea of the values 
of the latent heat of fusion and the latent heat of vaporisation of 
water-substance, usually called the “ latent heat of ice ” (though 
the heat is latent in the resulting water) and “ the latent heat of 
steam ” respectively. 

Two or three cubes of ice are placed in a thin copper can, which is 
immediately placed over a bunsen burner the flame of which is 
shielded from draughts. The temperature is read at intervals of 
one minute until this reaches 100° C., when it may be read at five- 
minute intervals until the can boils dry. A graj3h of temperature 
against time is plotted, and the times for the parts OA 

(melting of the ice), AB (raosing of the water from 0° C. to 100° C.) 
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and BO (conversion of all the water into steam at IW® are 
obtained from the graph (Fig. 14). ' ' ■ 

Then, as the^ bunsen is. assumed to'- supply heat at a constant rate, 

' Heat to melt ice at 0° C. . - _ - _ 1 1 ' 

'..Heat to raise same mass of water 100 centigrade degrees * 
Applying this to one particular gram of the ice, 

' ' ; , Heat to melt o'ne gram of ice at 0^ C. . . , 

Heat to raise one gram, of water through .100 centigrade degrees - 

But 100 calories are needed to raise the temperature of Tgm. of 
water through 100 centigrade degrees ; therefore 
Heat required to change 1 gm. of ice at 0® C. into water ' at C)® 'C. 

.= 100 j calories. 

Similarly, 

' Heat to convert water at 100® C. to steam at 100® Cl _ ' . 

Heat to raise the same mass of water from 0® C. to 100® C. 

Whence the quantity of heat required to convert 1 gm. of water 

at 100® C. into steam at 100® C. ~ 100 ^ calories. 

h 

We could have reworked the arguments for one particular pound 
of the substance, substituting 180 Fahrenheit degrees for 100 centi- 
grade degrees, obtaining, 

Heat required to melt 1 lb. of ice at 32® F. = 180 ~ B.Th.U. 

h 

Heat required to turn 1 lb. of water at 212® F. into steam at 212° F. 

= 180^5 B.Th.U. 

h 

The numerical value of the latent heat, if measured in the 
appropriate consistent heat units, is independent of the system 
of mass chosen, but does depend on the scale of temperature 
used. It is usual to express latent heats as so many centigrade 
units ”, or so many Fahrenheit units ” ; or, when the metric 
system is being used, as so many mhries per gram 
The results of an experiment of this kind, though extremely rough, 
should be of the right order. For example, actual values of ^3, 
and I3 might be about 5 minutes, 6 mlnuto, and 35 minutes respeo- 
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tively, giving for the latent heat of ice, 100 x 5/6 = 83 caL/gm., and 
for the latent heat of steam, 100 x 35/6 = 581 caL/gm. 

Latent heat calculations. The quantity of heat taken in to melt 
a given mass of solid without change of temperature is equal to 
{mass X lufent heat of fmion). Similarly, the quantity of heat given 
out when a given mass of liquid solidifies without change of tempera- 
ture is x 

The quantity of heat taken in to convert a given mass of liquid 
into vapour without change of temperature is (mass x latent heat 
of empoTatio7i). Similarly, the quantity of heat given out when 
a given mass of vapour condenses without change of temperature 
is {mass x lateyit heat of evaporation). 

Numerical values for the latent heats of ice and steam. The value 
obtained in 1939 by Osborne in America for the latent heat of fusion 
of ice is 79*69 i.t. calories per gram at 0° C. A very slightly higher 
value is obtained if it is expressed in terms of the 15° calorie. In all 
simple calculations the value 80 calories per gram is used in this book. 

The latent heat of steam depends on the temperature of the 
boiling point. The higher the boilmg point, the lower the value of 
the latent heat. Above the critical temperature, which for any 
substance is that temperature above which it cannot exist in the 
liquid state at all (for water about 374° C.), since the liquid cannot 
exist, there can be no latent heat ; and the value approaches zero 
as this temperature is approached. Equations for the variation of 
the latent heat of steam with temperature over limited ranges have 
been given by several observers. RegnaulFs equation, for the 
range between 63° C. and 194° C., gives the latent heat at i?° C. 
as Li = 606*5 - 0*695^, The mean of the two most recent values for 
the latent heat of steam at 100° C., given by Kaye and Laby, is 
538*6 I.T calories per gram. In all elementary calculations the 
value 540 calories per gram is accurate enough. 

Cooling. So far in this chapter we have considered rough experi- 
ments designed to introduce new ideas rather than to furnish 
accurate quantitative measurements. Various possible sources 
of error, and means of eliminating or correcting for them, must now 
be considered. One of the most troublesome sources of error is the 
loss of heat to, or gain of heat from, the surroundings. This can be 
reduced by suitable design of the apparatus, but can rarely be 
completely ehminated. 
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The loss of heat through the surrounding air from the surface 
of the calorimeter takes place chiefly by conrection if the calorinxeter 
is polished. The rate of loss depends very greatly on whether the 
air surrounding the calorimeter is not disturbed by other means, 
when it is called natural convection or whether the calorimeter 
is exposed to a steady current of air, which is called “ forced con- 
vection”. 

For natural convection, the rate of loss of heat is proportional 
to the o/4th power of the temperature difference bet\\'een the 
hot body and the surroundings. This law has been tested experi- 
mentally and found to hold for quite large temperature differences 
up to hundreds of degrees for medium-sized cylinders. 

For forced convection or ventilated cooling in a strong draiiglit 
the rate of loss of heat is proportional to the temperature difference 
between the hot body and the steady stream of air flowing past it. 
Tills is known as Newton's Law of Cooling. This also is true for 
quite large temperature differences for genuine forced convection ; 
it is not, as is frequently stated, only applicable for small temper- 
ature differences. 

The application of Newion’s Law to the cooling of a calorimeter 
surrounded by still air appears to be hallowed by custom. Before 
criticising this, it is well to remember that the calorimeter is usually 
surrounded by an outer jacket to impede convection of any kind, 
and that convection is not the only means by which heat is lost. 
It is certain that, if the temperature difference is small, the error 
made in using Newdon’s Law for the cooling of the calorimeter is 
small ; though it is known to hold only approximately, it is good 
enough to estimate the small cooling correction with sufficient 
accuracy in most experiments. 

It may be applied for the purpose of small corrections to the 
natural convection loss of a calorimeter, provided the temperature 
excess is small ; the limiting excess is often said to be about 30 
centigrade degrees, but in this case Newdon’s Law gives only about 
43 per cent, of the rate of loss calculated by the 5/4-power law^ 

Notice that the law refers to rate of loss of heat^ and not merely to 
rate of fall of temperature. It does of course follow that the rate 
of fall of temperature, if it occurs, is proportional to the rate of 
loss of heat ; but it does not follow that the emission of heat is 
necessarily accompanied by a fall in temperature. For example, a 
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wire carrying an electric cnrrent will reach a steady temperature 
at w^hich the rate of emission of heat equals the rate at w^hich heat 
is generated in the ware, or the regular fall in temperature of a 
liquid may be interrupted by a long period at a steady temperature, 
during W'hich heat is being lost to the air and supplied at the same 
rate by the latent heat evolved as the Hquid solidifies. 

To test Newton’s Law of Cooling. It is futile to set out to test a 
law w^hich is stated to be true for a strong draught by observing the 
cooling of an unventilated body in stiU air. Such an experiment 
might provide useful information ; for example, it w^ould show how 
large a temperature excess would be permissible if the error made in 
using Newton’s Law to calculate the cooling is to be less than, say 
20 per cent., or should enable us to deduce the true law of cooling 
under these conditions. But it would not be an attempt to verify 
Newton’s Law. The experiment must be done in the draught from 
an open window, or in the neighbourhood of an electric fan. 

A small copper calorimeter is placed on a badly conducting stand 
(such as a slab of cork) on a bench by an open window% and is about 
one-third filled with warm water. The temperature of the draught 
of air directed towards the calorimeter is taken ; this is called Oq, 
The temperature of the water in the calorimeter, which should be 
well stirred with the thermometer, is taken ac intervals of one or 
two minutes for about an hour. 

A graph (Fig. 15) of temperature against time is plotted, and 
the line ^ = ^0 drawn in. Several points as at P on the curve 

are taken, and the tangent to 
\ the curve is drawn at each of 

\ these points, to cut the 0q line 

Temp The perpendicular PR 

Q \p to the line is also drawm. As 

V the ordinate for P gives S, the 

length of PR represents the 
temperature excess (6 -Oq). 
\ ^ i»ate of fall of temperature 

^0 R Q "e=‘d’^Um at P is given by the slope of 

the graph at P, represented by 
PRjBQ, Now, if Newton’s 
0 Time t Law of Ckx)ling be true, as 

' Fiu. 15. the rate of loss of heat is 
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proportional to. the temperature excess, in this case the rate of fall 
of temperature is 'proportional to- the temperature excess. So, for 
the temperature represented by any point ,P, 

PB 

= Pi? X a constant ; 

or, as Pi? cancels, the length BQ is constant. 

The length of the intercept . is measured in each case, and if 
it is fonnd^ that the lengths are the same for each position of P, 
Notion’s Law of Cooling is obeyed. ■ ■ 

Analytical discussion of Newton *s Law of Cooling. Let m be the 
mass of the body, 0 its temperature at any instant U the air 
temperature, and 5 the specific heat of the material of the foody. 
Let the small change in temperature -M (written with a negative 
sign, because it is a fall) take place in the small interval of time U, 
and let the corresponding heat change be - SII. Then, 

- = -im hO, 

and the average rate of loss of heat over this interval is 

m Be 

ht ^ Bt^ 

or, in the limit, when the interval Bt is taken to be extremely small, 


Newion’s Law of Cooling states that the rate of loss of heat is pro- 
portional to the temperature excess, and in these symbols is WTitten 

where ^ is a constant for a given body under given conditions, its 
value depending cbiefiy on the area and nature of the surface, and 
the nature and pressure of the surrounding gas. 

. dH ^ ^ dd k 


Substituting for 


we can WTite - 


dt ms 


{9-e^), 


-cid-SQ), 


where c is another constant which is written for kjM, It follows 
from the kw that the rate of fall of temperature is proportional 

dff 

to the temperature excess'; and the equation - is 
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that most often used in dealing with problems on the law, but 
it is not a statemeiit of the law. 

Example. The temperature of a body falls from 30® C. to 20® C. in 
5 minutes. The air temperature is 13® C. Find the temperature after 
a further o minutes. 

There are two ways of doing this type of problem ; the first method 
is to work in terms of the average rate of fall in temperature and the 
average tempjerature excess over each five-minute interval ; the second 
method uses strict calculus. Both assume Xewton’s Law to hold. 

First method. Let x be the final temperature. 

For the first five minutes : 

average temx3erature = — r — = 25® C. 

average temperature excess = 25 - 13 = 12 G. degrees. 
avei*age rate of fall of temp. = ~= 2 C. degrees /min. 

average rate of fall of temp. ^CY. average temp, excess, 

2 = cxl2. .......(i) 

For the second five minutes ; 

' ■ 20 + a? . 

average temp. = 


average temp, excess: 


_ 13 ^ = _ 3 ^ C. degrees. 


■ 20 X 

average rate of fall of temp. = — - — C. degrees/mia. 

■ ■ U ■ ■ ■ 


'=c(|-3). 


From equations (i) and (ii), 

20 - X xj2 - ^ 

■ 10 12 ’ 

17cr::=270, 

and £c= 15*88® C. 

Second method. Let C. be the final temperature and let t stand 
for the time from the start 

. de 




'== -cdt 


Integrating both sides, 

logg( ^ - ^o) = - + a constant. 

We shall use the abbreviation “ In ’’ to denote logarithms to the base 
using ‘‘ log ” for ordinary logarithms to the base 10, from now on^ 
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When < = 0, 61 = 30° C., and 00=13“ C. always, 

/. the integration constant = In (30- 13) = In 17. 
Substituting this value, and putting 0o = 13, the equation becomes 
ln(0-13)= -c< + Inl7 


in 


- ct. 


This equation gives the value of 0 at any instant L 
Kow, when^= 5 min.,, ^ = 20° C. 

when 10 min., C. 


-[tt] 


a? - 13 
17 


c X 5, 
c X 10. 


Now, logarithms to the base e are converted to logarithms to the 
base 10 by multiplying by 0*4343. This need not be written down, 
as the number cancels. 


Hence 




log (a;- 13) = 2 log 7 - log 17 
= 1*6902- 1*2304 
= 0*4598. 

Taking antilogarithms of both sides, 

a:- 13 = 2*883 

and a; = 15*88° C. 


The agreement of the two methods is close enough in this example, 
which shows that the much simpler fii’st method, using average 
values, is here satisfactory. It does not foilo’w that such close agree- 
ment always happens in all examples. 

Further investigation of cooling. Newton’s Law of Cooling is 
so regularly employed for the correction of cooling losses, and 
so frequently used to solve examples in which no mention is made 
of forced convection conditions, that it is easy to gain the impression 
that its validity is unlimited. This impression should be shattered 
by the following experiment. 

Boiling water is placed in a calorimeter which stands on a cork 
support. The air temperature is noted. The w’ater is stirred 
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and the temperature taken with a thermometer, which can be read 
to 1/10®, at intervals of 2 minutes. The mean rate of fall of tem- 
perature, 7, the mean temperature, 0®, and the mean temperature 
excess {6 - are calculated for each 2-minute interval, the table 
of results appearing as below. 


Air temperature 12-4° C. 


Time in 
min. 

Temp. 

<‘*0.). 

Mean rate 
of fall 
<r®/min.). 

Mean 

temp. 

C.). 

Mean temp, 
excess 

log r. 

log(0~£fo). 

0 

87-5 

6-6 

80*5 

68*1 

0 8195 

i'8331 

2 

73-9 

I ■ ■ . 

4-5 

694 

57-0 ■■ 

0-6532 

1*7559 

4 

j 64-9 

34 

61*5 

49*1 

0*5315 

i691i 

6 i 

; 1 

58- i 







First, a. graph of r against {B - B^ is plotted. The points lie V’bE 
on a definite smooth curve. This is far from being even roughly 
approximate to a straight line, so it is obvious that the rate of fall 
of temperature is mt proportional to the temperature excess. 

Next, as the curve indicates that there is some definite relation 
between r and {B - $q), the problem is to find it. Let r-c{B- BqY^ 
where c is a constant. Then log log (0 - -flog c. Or, if ^ 
stand for log r, x for log - Bq) and b for log c,y=^nx+b. 

Thus the gi'aph of y against x should he a straight line, (not passing 
through the origin),* and the slope dyjdx gives the value of n. 

When the graph of log r against log - Bq) is plotted, the majority 
of the points will lie close to a straight line ; the exceptions will 
probably be one or two of the points for the highest temperatures, 
and the reason for this is probably that radiation is just beginning to 
contribute appreciably to the total loss. The slope of this line is 
then found. The value of is usually between about 1*3 and 1*6, 
showing that the true law of cooling for a calorimeter urider these 
conditions is something like or, as the rate of loss of 

heat is proportional to the rate of fall of temperature, 

(The theoretical value of is of course i *25 for natural convection.) 


MEASUEEMENT OP' QUANTITY OF HEAT ;/ ; « 

, , CALORIMETEY 

: /The: measiirement of qiiantities of heat; is, called calorimetry. 
There are ' niiineroii's methods,: which can be classified into two 
.groups. '■■ ■ 

A. Thermometric calorimetry, in which a change of temperature 
is recorded. Five, distinct methods are available. ' 

■ {!)' 31 ethod of mixtures, in which the heat to be measured Is 
transferred to a known mass of water. This is the best-knoTO 
method, one of the simplest to use, and irhen precautions are taken 
is an accurate method. 

(2) 3Iethod of cooling, which simply depends on the fact that the 
rate of loss of heat from a hot body under constant conditions 
follows a regular law. 

(3) 3IetJiod of c(yiistant hmt supplg, -which has already been 
discussed in the rough experiments with an electric heater and a 
bunsen burner (pp. 34 and 38). 

(4) Electrical method, in w^hich the quantity of energy concerned 
is really measured in electrical units, 

(o) 31 ethod of continuous fioiv, in which heat is supplied electricaily 
at a steady rate to a steadily flowing stream of liquid. 

B. Latent Heat calorimetry, in which the quantity of heat to be 
measured is caused to melt a mass of solid the latent heat of fusion 
of %vhich is known, or to evaporate a mass of liquid of known latent 
heat of evaporation, or in wFich a known quantity of heat is supplied 
by the condensation of a measured mass of vapour of known latent 
heat. We shall discuss examples of the various methods, but not 
in this order. 

THEKMOMETRIC CALOBIMETRY 

Specific heat of a solid by the method of mixtures. A thin copper 
calorimeter, of mass w and specific heat s, contains W grams of 
iTater at a temperature Bi ®G.* A known mass m of the solid is 
heated to a suitable high temperature ®C. and dropped into the 
calorimeter, and the final highest temperature of the mixture 
B^ ®C., observed after thorough stirring. Then, if no heat is ic»t 
to the surroundings, all the heat lost by the hot body in cooling to 
the final tomperature has been gained by the water and calorimete* 
in rising to the final temperature. 
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Let X be the specific heat of the solid. The heat lost by m grams 
of solid of specific heat x in cooling from C. to 0^^ C. is (% ~ ^ 3 ) 
cal. The heat gained by W grams of water rising from C. to 
^ 3 ® C. is W (^3 ~ 0i) cal. The heat gained by w grams of copper of 
specific heat 9 in rising from C. to ^ 3 ° C. is ws{d^ - ^ 1 ) cal. 

Then, as heat lost =heat gained, 

mx{d^- 6^ {6^- 6-^ +ws{6^- 

The only unknown in this equation is z, which can thus be calcu- 
lated. We shall always leave equations of this type at this 
stage. 

Precautions and corrections come under three headings : 

(a) During the heating of the specimen, it is important to ensure 
that the specimen does reach the temperature recorded by the 
thermometer as Of G. For this, prolonged heating is necessary, 
with the thermometer in contact with the specimen. Also, some 
kind of protection is needed if the body is heated in a water or steam 

bath, so that it is kept dry. 

ip) During transference to the cah 
orirmter, which should be done as 
quickly as possible, care must be 
taken to avoid splashing water out 
of the calorimeter. 

(c) During mixture, the calori- 
meter should stand in an outer 
container, supported by badly con- 
ducting spikes of cork, strips of card- 
board set edgeways, by fine threads, 
or some other similar method, as in 
Fig. 16. The outer can surrounds 

Fig. 16 .-Calorimeter and calorimeter with a layer of still 

outer case. 

air, and should itself be surrounded 
by a constant-temperature water jacket, so that the losses which 
do occur are regular. Lading the calorimeter by packing cotton 
wool or felt round it should reduce convection if the material is 
dry; otherwise it merely increases the heat capacity by an 
uncertain amount. The outside of the calorimeter and the inside 
of the outer can should be highly polished to reduce radiation losses, 
though it is doubtful whether much loss by radiation takes place 
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witli the smaE ' temperature excesses -realised in the experiment. 
Cmtinnms'' stiff mg during the rise in, temperature is extremely 
. important, , and the water equivalent of the stirrer and the thermo- 
meter; itself .should he determined; The stirrer may be a piece of 
..thick .copper wire, which is considered as part of the calorimeter. 
The heat capacity’ per c.c,- of mercury and of glass are very nearly 
the same, and the allowance for the thermometer’s heat capacity 
can he taken as 0*45?;, where v c.c. the volume of thermometer 
immersed. The calorimeter should be fitted with a lid provided 
with holes for the thermometer and stirrer, to check evaporation. 

So far we have considered the reduction of heat losses b}’' attention 
to design and method. We have now to correct for the cooling which 
unavoidably occurs in spite of every care. The cooling correction 
is most simply done as follows, using a modification of the method 
devised by Regnauit and based on Newton’s Law of Cooling. 
Experience will show that the correction is really not necessary 
unless the solid is so poor a conductor of heat that the process of 
attaining the steady final temperature takes some minutes ; for 
even if the rate of loss of heat is considerable, the total loss in a very 
short time will be smaE. A suitable substance to use as an exercise 
is rubber. 

Before introducing the soEd, aHow the 'water in the calorimeter 
to attain the temperature of the surroundings. At the moment 
when the hot solid is introduced into the calorimeter the temperature 
is taken, and thermometer readings are observed at half-minute 
intervals (stirring all the while) until the temperature ceases to rise. 
Stirring and thermometer readings are continued for a period at 
least as long as the “ rise in temperature period, and a graph of 
temperature against time is plotted (Fig. 17). 

The air temperature (^o) AR is drawn. At the highest point 
C of the curve, a horizontal line CE is dravm, and a perpendicular 
CD is dropped to AB, From any point F on CE a perpendicular 
FGH to AR is drawn, cutting the graph at G, The fall/^ repre- 
sented by FG gives the cooling in the time represented by DM : 
it is required to find the fall which occurs during the time repre- 
sented by AR, 

From Newton’s Law of Cooling, which we assume to hold, 
»di9/dl=c(^- ^ 0 ) or and over any finite time 

interval S^, the drop - Bd is given hj -S6^c{9 - 9 q) Bi. 
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Fio. 17. — Cooling correction graph. 

Considering the portion of the curve from if to iV, .Kif represents 
(0- do), KL represents U, the area KM x KL, or KLMN, represents 
{0 - Oq) hty and MP the fall - h0* 

The fail in temperature ov^r the interval MN is thus c x KLMN, or 
c X {area of the strip between (he curve and the 0 q line). 

This is true wherever we take the strip, and applies also for the 
fall of temperature below ike true ‘‘ no-loss ’’ vahie for the part of 
the curve AC which is actually rising. So, calling the area betw^een 
AC and AD, and the area between CG and DH, 

fx^oS-^, /2=CaS2> 


The rule for finding the correction to be added to the observed 
maximum temperature (that at the point C) to give the true tem- 
perature is, then, to note the fall /g®, measure the areas and S 2 by 
counting squares, and the required correction /i'' is given by 


This proof may appear easier if reworded as an analogy to velocity* 
time curves. On a velocity-time graph, the area between any portion 
of the curve and the time-axis represents, on the appropriate scale, 
the distance travelled during the interval concerned. On a velocity- 
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of-coolMg ’’-time' graph, the area under the curre should similarly 
represent the distance ’' cooled during the interval concerned. 
E"ow,, we deduce, from, Newton's Law of .Cooling that the velocity 
of cooling' is, proportional to the 'temperature excess. Hence a 
graph of temperature . excess against, time (which is the graph of 
Fig. 17 with, the origin shifted up to A) shows the way in which the 
velocity cf' cooling depends on the time, though. the scale is here 
reduced by a factor Ijc (for temperature excess -1/c x rate of fall, 
of temperature), which , means that the “ distance cooled " is c 
times the area beneath the curve, .instead 'of being egtml to the area. 
Hence, , and ,■ 

whence 

The method of mixtures may be used satisfixctorily to find the 
specific heat of a liquid ; the best way to proceed is to have the 
liquid in the calorimeter and introduce a heated solid of known 
specific heat. It cannot be employed in this simple way for gases,, 
because of tiieir extremely small dens.ity, but Regnault determined: 
the specific, heat of .many gases at constant pressure^ by passing' a 
continuous stream of gas for a long time through the calorimeter, 
allomng it then to escape, and determining the mass indirectly. 

Eegnault s determination of the specific heat of a gas at constant 
pressure (G^). The gas is stored in the reservoir, F (Fig. 18) which 
is surrounded by a water bath, the constant temperature of which 
is observed by a thermometer T. The stream of gas passes through 
the stop-cock S and the regulator M (shown enlarged at the top of 
the figure), which is adjusted during the experiment to keep the 
reading of the manometer M constant. The gas passes through a 
spiral tube immersed in a bath of heated oil the temperature of 
which is observed by a thermometer ; , the heated gas then passes 
through the tube at C into a metal vessel* inside an ordinary calori- 
meter, escaping finally by the tube D ; the rise in temperature of 
the thermometer during the experiment is observed. From the 
temperature of fh® oil bath, the initial and final temperatures 

and of the calorimeter, the mass of water in the calorimeter, 
and the water equivalent of its metal parts, the fall in temperature 
of the gas and the total heat suppEed to the calorimeter are ob- 
tained. The mass of gas is found fay measuring the pr^sures 
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Fig. 18. — ^Begnault’s apparatus for specific heat of a gas at constant 

pressure. 


and ^2 in V (by means of a manometer which is not 

shown) at the beginning and end of the experiment, and also the 
corresponding temperatures denoted by T. From a knowledge 
of the temperature and pressure, and the value of the density of 
the gas under some standard conditions, the initial and final 
densities Pz gnot./c.c. are found. The original mass of gas 

in 7 is then piV gm. (where v stands for the volume of F in c.c.), the 
mass left in at the end is p^v gm., and the mass of gas which has 
passed through the calorimeter is (p^ - pg) ^ 

The cooling correction is more than usually important ; 
actually more heat is gained from the adjacent heater, though it is 
carefully screened, than is lost to the atmosphere. The experiment 
is done in three stages, occupying equal periods of time, say ten 
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minutes. During the first period, the^ .change in temperature of the 
calorimeter wfien no .gas is passing'.. is -observed. The ga:s is then 
passed through for .an equal period,- and the,' rise in temperature 
observed. The flow of gas is., then stopped, and the change in 
tempera.ture during the third equal period found. The reason 
why two separate '' correction ’’.timings are required is interesting. 
..The loss from the calorimeter to the atmosphere is supposed to follow 
Xewton’s Law of Cooling, for the temperature excess is small The 
gain to the mlorimeter from the heater, by conduction and radiation, 
,1s practically constant. .So the rateof change. of, temperature dB^di, 
during' the first ten minutes can be mitten - dBldt a'li 

expression, with two unknown constants c and €, The observations 
during the third ten minutes give a second similar equation, 
and the tw’o together are solved to find c and (7. A third similar 
equation is now used for the heating period ; and if B stand for the 
average temperature of the calorimeter during this period, the 
average rate of change of temperature during this period, -dB‘:dt 
is given by -dBjdt^c{B and the correction required is 

foiind by multiplying the average rate of change by the time. 

The specific heat at constant pressure (always denoted by the 
symbol is then caiculated in the ordinary way. 

Latent heat of fusion of ice by the method of mixtures. The 
calorimeter is weighed, about two-thirds filled with w^ater at about 
30° C., and weighed again. It is placed in its enclosure on a 
non-conducting stand, and the temperature taken. Small pieces 
of dry ice are added one by one, and the water is stirred until each 
piece has melted before the next piece is added. When the tempera- 
ture has fallen to about 5® C., the thermometer is read. The calori- 
meter is then weighed to find the mass of ice added. 

Let W be the mass of water, w the mass of the calorimeter, o the 
specific heat of copper, m the mass of ice melted. Let B^ °C. and 
0^ °C. be the initial and fimal temperature of the cjalorimeter, and 
L cal./gm. the latent heat of fusion of ice. 

The heat lost by the w’ater in cooling from B^ ®C. to ^2 is 
cal Heat lost by the calorimeter cooling through the 
same range is ivs{9^ - ^ 2 ) 

The heat gained by m gm. ice melting at 0® C. is mL eal. ; heat 
gained by m gm. melted ice {“ ke’^wed&r in rising from 0^ C* to 
#2°a ism^gcal. 
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Now, assuming no heat to have escaped during the experiment, 
we can write 

heat lost — heat gained \ 
whence 1/ is determined. 

The chief error is probably due to the ice chips not being com- 
pletely dry. They should .be kept on a filter paper, pressed lightly 
between fflter paper, and transferred quickly to the calorimeter 
on a bone or glass spatula. Watson recommends the use of a single 
large piece of ice, held below the surface of the water by a stirrer 
carrying a wire-gauze cage. A single piece of ice has a much smaller 
total surface than the same mass in small chips, and thus can be 
more easily freed of moisture. 

The ‘‘ cooling correction ” is to some extent eliminated in this 
experiment, for when the calorimeter is above air temperature it 
is losing heat to the surroundings, and when below air temperature 
it is gaining heat. If is as much above the temperature of the 
surroundings as B.^ is below, the average rate of loss in the first part 
is equal to the average rate of gain in the later stages. If the 
temperature were to fall at a steady rate, as much time would be 
spent below the surrounding temperature as above it, and loss and 
gain would exactly cancel. It is almost impossible to ensure a 
really steady rate of fall, so that in practice the compensation is 
not exact. 

A further source of error is the condensation of dew on the outside 
of the calorimeter. 

The calculation is simple in the case of ice, for w^e are able to 
obtain it at its melting point, and the product is "water, the specific 
heat of which is known. The method of mixtures can of course be 
applied to substances other than ice. For example, molten metal 
at a known temperature may be poured into the calorimeter, and 
the heat gained by the calorimeter and contents then equals that 
given out (a) by the molten metal in cooling to the mdtmg point, plus 
(6) the latent heat given out by solidijiccUion at the melting point, plus 
(c) that given out by the solid in cooling to the final temperature. It is 
thus necessary to know the specific heat of both the solid and the 
liquid, as well as the melting point, in addition to the observations 
actually taken during the experiment. 


METHOD OF MIXTURES : LATENT HEAT OF STEA31 .Ui 

,, Latent iieat of .evaporatioEL of water (the Meat heat of steam ”1 
hy the method :of mMiires. la this, experiment, a measured mass 
of steam is condeased .in ■ a calorimeter containing cold 'water, and 
the heat given out; Is measured. ' There are two chief reasons mLj' 
the experiment as here described does not permit very great accu- 
racy. First, it is extremely difficult to ensure that the steam passing 
into the calorimeter is, dry that is, free from condensed water 
droplets. Also,, owing to the large value of the latent heat of 
evaporation, a large rise in temperature may be caused by a rela- 
tively small mass of steam, wMch it is often difficult to weigh 
accurately. 

The calorimeter is weighed, two4hlrds filled mth w^ater, and 
wxughed again. It is placed in its outer can, and the temperature 
taken. A current of dry steam is blown on the surface of the water 
until a rise in temperature of about 3(F 
is obtained. The steam passes from the 
generator through a water trap (Fig. 19) 
designed to obstruct the passage of water 
condensing in the delivery tube from the 
boiler, and any “ dew-drop ’’ on the end 
of the outlet tube should be carefully 
removed with a piece of filter paper. 

The final temperature of the calorimeter 
is taken after stirring, and the calorimeter 
and contents weighed again. 

Let m be the mass of steam condensed, 

W the mass of water, w the mass of the 
calorimeter, and s the specific heat of copper ; let the initial and 
final temperatures be di °C, and 0 ^ ®C., and the boiling point (found 
after reading the barometer and consulting the graph on p. 6) ^2 "C*. 
Let L be the latent heat of steam at, this temperature. Then, 
assuming that no heat has escaped dupng the experiment, the heat 
lost by the steam in condensing, and by the resulting water steam* 
water in cooling to the final 'temperature equals the heat gained 
by the calorimeter and water in rising to the final temperature. 

Heat lost by m gm. steam condensing at 62 
—mL cal. 

Heat l<Bt by m gm. steam water oooMng from ®0. to 
= cal 
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Heat gained by W gm. water rising from 0^ °C. to ^3 °C, 
^W{e^-di) cal. 

Heat gained by w gm. copper rising from dj^ °C. to ^3 ®C. 

= ios(9^-~ 61 ) cal. 

As heat lost =heat gained, 

mL + m ( 0. - 0^) = Tf ( 0^ ~ 0^) + ( <^3 - ^ 1 ), 

and from this equation the value of L is calculated, as all other 
quantities are observed. 

In view of the large uncertainty caused by the doubtful diyness 
of the steam, it may be wondered whether the observation of the 
true boiling point and the application of the cooling correction are 
really necessary’- ; but there is no reason to suppose, until it has been 
determined, that the cooling correction is small. 

The correction for cooling may be done as follows. Note the time 
X sec. during which steam is blown on the surface, and then note the 
faU in temperature B0 during the next xl2 seconds. The corrected 
final temperature is then (^3 + 8 ^) ®C. This follows from Newton’s 
Law of Cooling (which is assumed), for if the rate of fail of tempera- 
ture is proportional to the temperature excess, the rate of fail at the 
final temperature 0 ^ ®C. is twice the average 
rate of fall. The correction required 
= average rate of fail X time 
= I final rate of fall x time 
—final rate of fall X I time 
==the observed fall in temperature at tM 
end of the experiment during 'half 
the tirrie of the experiment. 

Care must be taken not to get too high a 
final temperature, for this, besides rendering 
Newton’s Law of Cooling extremely in- 
appropriate, greatly increases evaporation 
from the surface. 

The method of mixtures was used by Ber- 
thelot, using an improved form of apparatus 
(Fig. 20 ) in which the steam passed down a 
tube T through the boiling water in the 
generator A (so that it emerged dry, but 
possibly superheated) and was condensed in a 



apparatus for later 
boat of evaporation. 
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separate vessel CD inside the calorimeter, which could be removed 
and weighed on a delicate balance so that the small mass of steam 
condensed could be measured directly. The superheating difficulty 
is to some extent overcome by placing an electric heater inside the 
generator, instead of using a gas ring B below it. 

Specific heat of a Iquid by the method of cooling. The factors 
upon which the rate of loss of heat from the surface of a body cm 
possibly depend, when the body is supported by non-conducting 
material in an enclosure, are : 

(1) the temperature of the surface ; 

(2) temperature of the surroundings ; 

(3) area of the surface ; 

(4) nature of the surface ; 

(5) nature and pressure of the surrounding gas ; 

(6) nature of the surface of the enclosure : 

(7) volume and shape of the enclosure, which determine to 
some extent the relative importance of conduction and 
convection through the gas. 

It must also depend, in the general case, on the rate at which 
heat is supplied to the surface from within the body, that is, whether 
the body is a good conductor or not. For this reason the method 
to be described is unsatisfactory for solids, as Regnault showed 
experimentally. But with a liquid in a thin metal can, we shall 
assume that, owing to efficient stirring or natural convection 
currents in the liquid, this difficulty does not arise. 

Now, whatever be the laws by wffiich the rate of loss of heat 
depends on these factors (in particular, whether Newton's Law of 
Cooling applies or not), if all these factors are exactly the same for two 
bodies, then the rate of loss of heat from^ those two bodies must be exactly 
the same. This is the principle of the method of cooling for 
finding the specific heat of a liquid such as paraffin. 

Two thin aluminium cans, of as nearly the same dimensioiB and 
state of surface as possible, about 2 cm. diameter and 5 cm. long, 
are weighed. One is nearly filled with water and the other with 
paraffin. Each is supported from a large mrk or , board A by means 
of corks wffiich protrude through A and carry thermometers. After 
assembly, the two cans are immer^d in a large water bath main- 
tained at a suitable high temperature, 'until the two thermometers 
read, say 80"^ 0. approximately • Hie board A is removed from the 
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Water Paraffin 


, L I Lervais oi about two minutes until 

I both have fallen considerabljj say 

-Ft. ^ ^ both to below 40“ C. The cans are 

ethod of cooling. then removed, and weighed to find 

as wfl? time is plotted for each can, 

as hig. 22. As It IS important to consider the cans at the same 
temperatures, we then proceed as foUows. Choose two suitable 

STSTth!' 

a,xis to cut the curves at R. and n n n , 


I 

f BUNSEN’S ICE CALOEIMETER 19 

Heat lost by paraffin and :Contaiiier cooling ffiom ' to 0^ ®G. 

/. .. = -4- ^ 2 ) cai ' ■ 

Rate of loss of heat = cal. /see. V. 

■'t' . . ' ■ % . ■ ■ 

Also heat lost by water and container cooling from $i to $2 °C. 
~ (m^s + F) - 62 ) caL 

Rate of loss of heat = ^ cal. /sec. 

As the two rates of loss of heat are equal, 

(MiS -hMx)( 0 ^ - 62 ) (m^s 4- ~ ^ 2 ) 

■i|: . ' ^ . ■ % ■■ * 

and miS-hMx ^ m^s + W ^ 

h h . , * .. 

when the mean value of the specific heat between 0 ^ ^C. and 0 ^ ®C., 

is calculated. 

^ In this experiment, the chief difficulty is that the water and 
paraffin cannot be stirred. Other defects are that very slight 
variation in the conditions for the two cans causes erroneous 
results, and that it is difficult to observe a rapidly falling thermo- 
meter accurately. It is often recommended that a single large 
calorimeter be used instead of the two small cans, and two experi- 
ments, the first with water and the second with the liquid, done 
separately, with proper stirring. The heat capacity of the container 
is a smaller fraction of the total heat capacity in this case. The 
advantage of the method of cooling is that it avoids transference 
and mixing. 

LATEOT HEAT CALORIIdETRy 

Bunsen’s ice calorimeter. The density of water at 0*^0. is 
nearly 1 gm. per c.c., and that of ice about 0*92 gm. per c.c. The 
addition of 80 calories to a mixture of ice and water causes the 
melting of one gram of ice, and a decrease in volume of 

Measurement of the change in volume by sufficiently d^to^ta 
methods should thus permit the accurate measurement of small.,, ^ 
quaatiti« of heat. This m the prindj^e of Bunsen’s ice calorimewi ' 
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though as usually used, this instru- 
ment is calibrated in such a way as 
to avoid using an assumed value for 
the latent heat of fusion of ice. 

The calorimeter (Fig. 23) consists | 
of a glass test tube A fused into a I 
larger c 3 dindrical bulb which has 1 
a glass stem OD fitting into an iron 
collar at D. The stem and the lower 1 
part of the bulb are filled with pure ! 
boiled mercury, and the bulb above i 
the level contains pure boiled water. ^ 
A calibrated capillary tube 8 fits ; 
tightly into a cork in the collar D. 

A shell of ice aA is frozen on the 
outside of A, by passing a stream 
meter. of very cold alcohol through A, 

evaporating ether in A, or other 
means. Then the whole bulb is immersed in a vessel of pure 
ice and water, and left for a long time until the whole apparatus 
is at 0° C. Purity of the surrounding ice- water mixture is 
very important, as impurities lower the freezing point, and there 
is the risk then that steady freezing of the water in B w'ill 
occur. 

In an experiment, a little pure water is first placed in A, and 
the instrument is left surrounded by ice and w^ater until the reading 
of the mercury index in S is practically steady. A mass IF of water 
at a Imown temperature 6° C. is then introduced, and the number 
of divisions n through which the mercury thread moves back is 
observed. The heat given up by W gm. w^ater cooling from 
to 0® 0. is IF^ cal. ; hence the number of calories supplied when 
the mercury moves back one division is IF 6 jn cal. 

A mass If of the substance of which the specific heat x is required 
is heated to a steady temperature C., and then rapidly placed 
in the water in A. As water just above 0° C. is slightly denser than 
at 0® C., the heat given up by the substance to the v/ater in A is 
conveyed downward. The number of divisions through which the 
mercury thread moves back is observed, and the quantity of heat Q 
to which this corresponds worked out from the previous calibration. 
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This equals the heat given up when M gm. of substance of specific 

heat X cools from C, to 0® G.y hence 

The mercury thread is never quite steady, and allowance has to 
be made 'for the ' gradual creep of the thread. This is done by 
observing the average rate , of creep over some long time before 
and after the experiment, and multiplying this by the time the 
experiment has taken. '■ 

The Bunsen ice calorimeter has been very useful in determinations 
of the specific heats of substances of which only small c[uantities 
are a\miiable. It does not depend for its operation upon an accurate 
knowledge of the latent heat of ice. An important precaution is 
to see that the water in B is quite free from air. There is no 
question of any '' cooling correction since the wiiole calorimeter 
is always at a steady temperature. 

Dewar’s liquid oxygen calorimeter. This method has been used 
for the determination of mean specific heats between various 
temperatures and the boiling point of oxygen ( - 183"^ C.). 

Liquid oxygen is con- 
tained in a vessel B 
(Fig. 24) fitted with a 
delivery tube by which 
the gas generated may 
be collected over water. 

A short flexible tube 
connects the upper end 
of B with the tube 0 
containing the specimen, 

which can be introduced 24. — Liquid oxygen calorimeter, 

into B by raising this 
tube to the vertical position. A vacuum vessel A containing liquid 
oxygen surrounds i?. A mass m of substance of specific heat x at 
a known temperature ^ C. is introduced, the volume of oxygen 
collected is measured, and the volume v which this w'ould occupy 
at 0® C. and 7^ mm. pressure, if diy, is calculated. From the known 
density p of oxygen under these conditions, the mass M ^vp evap- 
orated is found. If i be the latent heat of evaporation of oxygen 
(its actual value Is about 58 cal./gm.), the heat given to the oxygen 
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is ML calories. This is lost by m gm, of a substance of speciiic heat 
X cooling from C. to - 183° C., whence 

ma:f^ + 183) and . 

^ w?(^ + 183) 


Here it is impossible to stop a gradual evaporation of the liquid, 
due to a very slow gain of heat from the surroundings ; the average 
rate of this evaporation is observed, and multiplied by the duration 
of the experiment to give the correction to be subtracted from the 
observed volume. In most cases the calorimeter is calibrated by 
the use of a mass of lead of known specific heat, when the actual 



Fia. 25. — Joly’s differential steam 
calorimeter. 


value of L is not required. 

Joly’s differential steam calori- 
meter. This apparatus was designed 
to determine the specific heat of a 
gas at constant volume. Two hollow 
copper spheres, as nearly as possible 
equal in aU respects, are suspended 
by fine wires from the arms of a 
sensitive balance in a chamber 
into which steam at 100° C. can be 
passed. The wires pass through 
plugs of plaster of Paris in the roof 
of the chamber, and just above 
these are two smafi electric heaters, 
so that moisture condensing in the 
opening is either absorbed or evap- 
orated and cannot obstruct free 
motion of the wire. Shields to 
prevent water condensed on the roof 
from failing on the spheres are 
attached to the top of the chamber, 
and trays of thin metal are fixed 
below the spheres to catch water 
condensed on the spheres. Fig. 25 
shows the apparatus in detail. 

‘ Both spheres are at first evacuated 
and counterpoised on the balance. 
One sphere is then filled with the 
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gas nnder test at a pressure of about 22 atmospheres, replaced in the 
steam chamber, and counterpoised again. The ., difference in weight 
gives the mass m of gas enclosed.' 'The steady temperature C. 
of the steam chamber is then observed. Steam is now passed into 
the chamber for about five minutes, after which condensation on 
the spheres is complete. The temperature C. of the steam 
Is observed by a delicate higb-range thermometer. The balance is 
then counterpoised again, and the further change in weight w is 
found. The mass of steam which condenses in providing the heat 
needed to raise the two equal copper spheres themselves from 
C. to ^ 2 ° C. is the same, so u? gives the difference between the 
two masses condensed, that is, the mass of steam the condensation 
of which is due to the enclosed gas. 

The specific heat of a gas at constant volume is always denoted 
b}^ the symbol The heat supplied to raise the temperature 
of m gm. of gas of specific heat from C. to 02^ 
calories, where L is the latent heat of steam at temperature $ 2 ^ C. 

Hence 


and 



wL 

Kn{B2-BiY 


A test for leakage during the experiment is made at the end, 
and corrections are made for : {a) the expansion of the sphere 
containing the gas, both on account of its own rise in temperature, 
and because of the rise in pressure of the gas inside ; this effect 
means that the gas has rwt really been at constarii volume^ and has 
expanded and done some external work, so that the value of is a ^ 
little too high on this account, and the correction can be calculated ; 
(6) unequal thermal capacities of the two spheres, which can be 
compensated for in a second experiment in which the two spheres 
exchange duties. Numerous other corrections of a minor character 
are needed. 


ELECTRICAL CALORIMETRY 


When the terminals of a battery or of the mains supply are con- 
nected by a conducting wire, a current of electricity passes through 
the wire, and wo say that it is caused by an electrical ^mmre 
different or difference (nm.) The unit of potential 

difference is caUed the volt. The unit of current is called, the 
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ampere. The resistance of the conductar, according to Ohm's law, 
is given by the relation 

resistance in ohms = P.i> . in volts /current in amperes. 

Energy has to be expended (or work done) in order to send the 
current through the wire ; the source of this is the chemical action 
in the battery, or the work actually being done by the turbines 
which drive the dynamo supplying the mains. The volt is so 
defined that 

rate of working in watts = (p.d. in volts x current in amperes) ; 
hence, 

energy expended in joules = watts x sec, volts x amp. x sec. 

A common t^’^pe of difficulty exists here ; there is a small difference * 
between the value of the volt as thus defined and the legal standard 
(the internatioruil volt)^ and between the theoretical and international 
standard values of the ampere. If international volts and amperes 
are used in this equation, the result does not give the energy in true 
joules. To shift the difficulty one stage further on, the internatmml 
jouhy a little larger than the true joule, is used. This point is impor- 
tant, in that it affects the accuracy of ail electrical determinations. 

In the ordinary way, the energy expended is converted into heat. 
The number of joules required to produce one calorie is knovm as 
the result of many careful experiments, some of -which are described 
later. This number is called the Mechanical Equivalent of Heat 
(symbol J), or, w^hen it is applied to an electrical rather than a purely 
‘ mechanical supply of energy, the Electrical Equivalent of Heat 
(symbol J, or more usually nowadays J' ; it is proposed to use J 
in this chapter and J' in later discussions of recent work). The values 
4-186 joules = 1 calorie, which is a little above the most recent 
determinations, but in general use or, for rougher calculations 
4*2 joules == 1 calorie, -wili be used in this book for J. 

Thus, when a current of I amp. under a f.d. F volt flows for t sec., 
the energy expended \sY It joules, and the heat developed is 


calories. 


Using Ohm’s Law, 


IR and E - 


PRt 


cal*, 


t ' ■ ' 
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so that for : a given conductor, the^heat evolved in a given time is 
proportional to the square of the current* Further, for a given 
€urrent, , the heat produced in a givto time h proportional to the 
resistance ; 'thus when the current passes through thick copper leads 
of very smal resistance to thin vires of nichrome, constantan, or 
platinum of very high resistance, nearly all the heat is developed in 
the. thin wires. 

It is important to realise that to meamre the energy supplied it is 
not sufficient just to measure the current ; two of the three quantities 
current^ potential difference, resistance, must he found. 

Investigation of the cooling of a calorimeter. The advantage of this 
method is that a small steady temperature excess of any desired value 
can be maintained, and the temperatures determined accurately. 

A small copper calorimeter is fitted with a lid through which pass 
two thick copper leads fitted at their tops with terminals, and 
connected at their lower ends by a resistance, E ohms. Holes 
in the lid admit a thermometer E and stirrer F The calorimeter is 
about half filled with water and placed on an insulating stand in 
an outer can. 

The electrical circuit, also shown iti Fig. 26, consists of an ammeter, 
a 12-volt accumulator, and a variable resistance or rheostat X, 
by w^hieh the value of the current is altered, and there is also a key 
to break the circuit. The current is switched on, and the calori- 
meter eventually reaches a steady temperature, at which the rate 



Caiorimeter Electrical circuit 

Fio 26. — Electrical inv^igatiaa of cooling. 
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of loss of heat to the mrromidii^gs eqmh the rate at which heat is mpplied 
electrically. Then observe the value of the current, I, the tempera- 
ture of the water in the calorimeter, 8^ G., and the air temperature, 




Then rate of loss of heat— rate of supply of heat • 


PR , , 
cal. /sec., 


and, if the law of cooling is 


dH 

dt 


-h{8 - Qffy then 


PRlJ^h{e-^ef}^, 

Now, jB, J, and h are the same always, so P is proportional to 
{8-Bq)^, a series of results is taken for different values of the 
current ranging from 0*3 amp. to about 2 amp., and a graph of P 
against (O-Sq) plotted. The value of the index n is obtainable 
as on p. 46, by plotting a fresh graph of log P against log (^ - ^o) 
and finding the slope of the Hne. If it is intended to test Newton's 
Law of Cooling, the first essential is, of course, to see that the 
necessary forced convection conditions are attained. 

Electrical determination of the value of J The calorimeter 
of the previous experiment is used, with a sensitive thermometer 
graduated in tenths of a degree. The calorimeter and stirrer are 
weighed, and the calorimeter is two-thirds filled wdth water before 
weighing again. The resistance R is then placed in the water, and the 
circuit connected up (Pig. 27). This is the same as in the previous 
experiment, except for one matter. The voltage drop across R 
has to be measured, so a voltmeter is connected across the terminaU 
of R.^ The rheostat X is adjusted to give a suitable current. 
The circuit is then broken, the contents of the calorimeter well 
stirred, the temperature of the water taken, and the experiment 
begun by closing the key, the time being noted. The current is 
passed for, say 20 minutes, and the ammeter and voltmeter are 
read at intervals, the rheostat being altered to maintain the values 
as nearly steady as possible, and the contents of the calorimeter are 
continuously stirred. The circuit is then broken, the time noted, 
and the final temperature observed. The final temperature is 
corrected for cooling, by observing the fall in temperature at the 
end of the experiment in half the time of the experiment, and adding 
this to the observed final temperature, as explained on p. 56. 

* It is advisable first to connect up the circuit without the voltmeter, and 
make sure that a suitable current will pass, and afier this to connect the volt- 
meter across the terminals of E. 
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Let w be the mass of calorimeter 
and stirrer, b the specific heat of 
copper, W the mass of water. Let 
6i °C. be the initial temperature, 

^2 ®C. the final temperature after 
time t sec., and the cooling after a 
further ij2- sec. The corrected rise in 
temperature is then {^2 ^1) 

The heat developed is 

(W •j-ws)(d2 -r- - ^2) caioiies, 

A correction has to be made to the 
ammeter reading, because this gives the total current in the circuit, a 
small part of which flows through the voltmeter. If F is the volt- 
meter reading and S its resistance, this current, to be subtracted from 
the ammeter reading, is V/S amp. Let I be the corrected current. 
Then, energy supplied in joules is Fiif joules. 

As (IF + (^2 + - ^1) calories are furnished by V It joules, the 

number of joules required to produce one calorie, J, is 

Vli 


27,— Electrical circuit for cal- 
orimetry experiments. 


(ly + ,«)(», tM -g . ) 


Determination of the specific heat of a liquid. The calorimeter, 
apparatus, circuit, and observations are the same as for the previous 
experiment, except that the calorimeter contains 31 gm. liquid of 
specific heat instead of W gm. water, and the value of J is known. 
With the same symbols as before, heat supplied electrically is 
V It I J cal. Heat gained by M gm. liquid of specific heat x and 
w gm. copper of specific heat s rising from to {^2 

is { 3 Ix + ws)(d2-rB6-di) calories. Equating the heat supplied to 
the heat gained, 

{Mz+m) (02 + S0 - Bj) , 

w^hence x is calculated. 

Measurement of the latent heat of evaporation of a liquid. The 
evaporation of a measured mass of liquid at the boiling point by 
the application of a measured quantity of heat is the basis of this 
method, which wm used by Henning to find the latent heat of steam 
with high accuracy. 
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Fig. 28. — ^Henning’s apparatus for 
latent heat of evaporation. 

Reproduced front Beat and Thermo- 
dymmm** bp courtesp of Dr. J. K, 
Roberts and Messrs Blackie <& Son., Ltd. 


Fig. 28 is a diagram of the appar- 
atus. Water is boiled in the 
cylinder A by means of an electric 
heater jB, from which leads to the 
current and voltage measuring 
instruments pass at 2^. and 
are electrical thermometers giving 
the temperatures of the liquid 
and the vapour. The steam gener- 
ated, passing dovm the tube M 
(which is fitted with a splash guard) 
can leave by either of two paths 
N' or N"', from the tap at H, to 
be condensed in vessels K' or K'' 
w'hich are surrounded by cold 
water in the vessel G, During the 
measurements everything is steady, 
and before this state is reached the 
steam is condensed in K"' ; when 
steady conditions are reached, the 
steam is diverted to K\ and timing 
started. The current and voltage 
are observed, and after a measured 
time interval the steam is switched 
back to K", The mass of steam 
condensed in K' is run ofi at F and 
weighed. The cyhnder A is sur- 
rounded by an air-space in the 
centre of a weU-stirred electrically 
heated oil bath which is maintained 


as nearly as possible at the temperature of J., so that loss to (or 
gain from) the surroundings is very small. The small cooling 
correction ” is ehmmated by doing a second experiment in w’^hich all 
the temperatures are the same, the time is the same, but the rate 
of supply of electrical energy is difierent. Now, if the temperatures 
are the same, the rate of loss or gain of heat is the same, and therefore 
the value of the correction for the same time is the same. 

Let i sec. be the duration of thfe experiment, and voltage Fj 
and the current amp. in the first run, and Fg and in the second- 
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Let the masses of water /condensed in -the two cases he, ik-j ,gm. and 
m .2 gm. Let L be the latent heat of steam, and k the .heat loss in 
each case. 

■■ 'mi ■ . . -T' ^ - 


.. . JU! 

Advantages of the method are : (1) steady temperatiares, which 
can therefore be fonnd accnrately ; (2) it is appHcabie to any 
liquid ; (3) by altering the pressure in the apparatus, a wide range 
of boiling points is obtained, and the variation of the latent heat with 
temperature may be studied. A similar principle, but with greater 
refinement of measurement, was used by Osborne, Stimson, and 
^Oinnings in 1939 with the electrical apparatus described on p. 243. 
j Va cuu m calorimeter of Nemst and Lindemann. This apparatus 
is remarkable for three elegant iimpMcaf ions* f (1) the substance, 
if a metal, is itself the '' calorimeter ” ; (2) the same coil of platinum 
serves both as heater and platinum resistance thermometer ; (3) 
the whole apparatus is enclosed in a vacuum, so that exchange of 
heat with the surroundings is very small indeed. 

Fig. 29 shows the treatment of a metal specimen ; the shaded- 
parts — the outer cylinder and the central plug on which the platinum 
cod (insulated by paraffined paper) is wound — are made of the 
material under test. Materials other than metals are contained in 
a silver vessel, the platinum wire being wound upon a silver tube 
projecting into the vessel. The calorimeter is suspended by the 
connecting leads in a vessel which has an outlet through which it 
may he evacuated, and the whole is surroun^d by a constant 
temperature bath of, say, liquid air contained^ a Dewar flask 
(p. 360), or other liquids for different temperatures. After the 
specimen has attained the temperature of the bath, the vessel is 
evacuated and thus thermally insulated. 

The. mass m of substance used is found. Then during an experi- 
ment, a current is passai through the heater for time t sec. and the 
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P.D. F maintained constant by varying the rheostat ; and the 
imtial and final values of the current are measured, and the initial 
resistance = F/Zj, and the final resistance = F/I^ calculated by 
^PplyiHg Ohm s Law, the small rise in temperature Id being deduced 
from the change in resistance. From the average value I of the 
current, the heat supplied, F/i/J cal., is found. Then, if x be the 
specific heat, VltlJ^mxM+h, 

where A is a smaU correction for heat lost by radiatim, the only 
meaM of heat transference possible through the vacuum. Very 
smaU rises of temperature can be employed, so that the value of 
the specific heat at a particular temperature, instead of the mean 
value over a considerable range, is found. 

The apparatus was chiefly used for measurements at low tem- 
^ra.tiues where the values are needed for theoretical reasons. 
Most low-temperature calorimeters have been based on this design, 
though for extremely low temperatures two separate coils, a heating 
wfi 04 am^am^n and a lead resistance thermometer, are used 
instead of the platinum one. 

if 


CALLENDAE AND BARNES CALORIMETER 


71 



Fig. so. — Callendar and Barnes’ continuotjs flow calorimeter, 

^'0ontiiwioi3s ^ Barnes. ^ The 

aeatmg wire R (Fig. 30} stretched between thick copper conductors 
CC, goes along the axis of a narrow tube through which a continuous 
stream of water passes, flowing in at A and out at B. The tem- 
peratures $1 C. at A and 0. at B are determined by the platinum 
resistance thermometers and Pg. The flow tube is surrounded 
by a vacuum jacket F which reduces the heat loss considerably, and 
a constant temperature jacket Tf which ensures that this loss is 
steady. The current 1 through the wire is measured very accurately 
by noting the potential drop across a standard resistance in series 
with R , and comparing this with the e.m.f. of a standard cell. The 
potential difference F across R is also determined by the potentio- 
meter in terms of the e.m.f. of the standard ceil, the accuracy in 
these two measurements being of the order of one part in ten 
thousand. When a steady flow of cold water at constant inflow 
temperature passes through the apparatus, and a constant current 
is maintained through P, a steady state is reached at wdich d-^ 
and ^2 constant, and the temperature of every part of the 
apparatus remains steady. The heat capacity of the apparatus 
then does not enter into the calculation, since no heat is being 
absorbed by any part of it. 

The water flowing through the apparatus in t seconds is collected 
and its mass m found. Let the average value of the specific heat 
of water between the temperatures C. and B^ C. be and let 
the heat lost from the apparatus in t sec. be h cal. Then the energy 
dissipated in t sec. is V It joules, and the heat evolved is 
ms{d 2 calories ; 

F/i 

330 ..( 1 ) 

Now, the rate of loss of heat from the flow tube is oonstotit for a given 
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temperature difference between the body and the surroundings. 
If a second experiment is done in which and ^2 made the same, 
the rate of loss of heat will be the same, and the heat lost in t see. 
will be h as before. With new values F and r for the f.d. and 
current, the rise in temperature can be made the same as before by 
suitably adjusting the rate at which water flows through. Let m' 
be the mass of winter collected in i sec. (note this is the same time as 
for the previous experiment). Then, 

F'/7 

( 2 ) 

h is eliminated by subtracting the two left-hand sides and the two 
right-hand sides of equations (1) and (2), giving, if 5 is known, 
the expression for fJ, 

^ (FI-FT)i . , , , 

If J is knoTO, the value of a is found, using 


(FJ-FT)^ 


caL/gm./ °C. 


Now, if we use the 15® C. calorie, the value of s is 1 between 
14-5® C. and lo-5® C., whence the value to be adopted for J is settled 
by an experiment between these temperatures. The value obtained 
by CaUendar and Barnes was 4*183 joules per 15® C. calorie. Working 
with different initial temperatures, and using small rises in tem- 
perature, they thus determined the variation of the specific heat 
of water with temperature. Their results have been confirmed 
by later workers. The variation of specific heat with temperature 
is quite appreciable. In terms of the 20® C. calorie, the values are 
i*0094 at 0® C., 0*9982 at 37*5® C. (minimum value), rising to 1*0074 
at 100® C. 

Each of the individual measurements in the experiment can be 
made with high accuracy. The temperatures can be determined to 
one ten-thousandth of a degree, and the currents and potential 
differences to about one part in ten thousand. Nevertheless, the 
absolute accuracy of this experiment is limited to that with which 
the E.M.F. of the standard cell^used is knovm in true volts, which 
was probably not to within one part in ten thousand at the time of 
this experiment. ■ '■ 



DULONG AM) PETIT’S LAW 73 

This experiment is regarded as the classical exam, pie of contiTiiioiis 
flow calorimetry and it may be well to conclude with a note on the 
advantages of the method. These are : (1) As the temperatures 
are steady, very accurate slow-reading platinum thermometers 
can be used ; these would be useless for changing temperatures. 
Hence small ranges of temperature can be employed. (2) The 
heat capacity of the apparatus is not involved, since no part of 
it experiences a rise in temperature. (3) The “ cooling correction ” 
is eliminated by doing two experiments. (This is actually not 
complete in its compensation in practice.) 

The method works equally well for gases, which if passing slowly 
down the flow tube are under “constant pressure” conditions. Calien- 
dar and Sw’ann, using apparatus very similar to that of Fig. 30, found 
the value of the specific heat at constant pressure, for several gases. 

VARIATION OF SPECIFIC HEAT WITH TEMPERATURE 

Dulong and Petit’s Law (1819), originally stated that the product 
of atomic weight and specific heat{ called the atomic heat) is the 
same for aU elements, and approximately equal to 0-4. Later, 
calculations suggested that the atomic heat should theoreiicalhj have 
a value of between 6*0 and 6-2 if calculated on the specific heat at 
constant pressure, and 5*96 if calculated for the specific heat 
at constant volume, and should be practically independent of the 
temperature. But the specific heat does vary with the tc^mperature ; 
and the elements can be divided roughly into two classes : those 
for which the variation with temperature is small, and the atomic 
heat is somewhere near the calculated value, and those for which tbe 
variation with temperature is large at about ordinary teni|>eratures, 
with values of the atomic heat at these temperatures which are fiir 
too low. Carbon is an example of the second class (cf. figures for 
the diamond on p. 36). 

The results of Nemst and Lindemann’s experiments showed that 
all solid crystalline elements at a sufficiently high iemperature have 
atomic heats wMch are closely equal to, 6*92 ; and that at mfikienily 
'low temperatures^ all solid crystalline elements behave as carbon 
does at ordinary temperatures, the specific heat falling 'rapidly as 
the temperature is reduced belo# a certain value, and tending to 
the value zero as the absolute temperature ( - 273-2'* C.) is 

approached. The irnmn why carbem and the other exceptions do 
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not fit in with Dnlong and Petit’s Law at ordinary temperatiires 
is simply that for these substances ordinary temperatures are 
low They do obey the law if they are hot enough. 

Why should this law, which appears so simple, be followed in 
such a “half-and-half” fashion? Do the very laws of mechanics 
themselves, on which these calculations are ultimately based, vary 
with the temperature? The problem was successfully attacked by 
Debye, using the ideas of the quantum theory^ which had been intro- 
duced by Planck in order to deal with similar inconsistencies 
between ordinary theoretical calculations and the observed results 
in certain radiation problems. It is not proposed in this book to 
discuss this theory at length, and the student should refer to one of 
the advanced treatises for information about it. 

According to the kinetic theory, the atoms in a solid are in a state 
of continual vibration. The average energy of vibration is propor- 
tional to the absolute temperature. When a quantity of heat 
energy is supplied to a body, the energy of each individual atom is 
increased, and the rise in the average energy is manifested as a rise 
in temperature. Working along these lines, it should be possible 
to calculate the quantity of heat energy which must be supplied to 
unit mass of a substance in order to cause a rise in temperature of 
one degree, and so obtain a theoretical value for the specific heat. 
If we take the atomic weight in grams of different elements, this 
weight always contains the same number of atoms, and hence the 
average increase in energy of an individual atom when a certain’ 
quantity of heat is supplied to one gram-atom is the same for all 
elements ; that is, the atomic heat should be the same for ah 
elements. 

But more than at first appears lies behind the term “ average 
energy 

Common-sense suggests that, if the energy supplied to a body can 
be shared equally among aU its atoms, then this should happen. 
Thus a given supply of heat should always cause a definite rise in 
the ener^ of each individual atom, a definite increase in the average 
atomic energy, and hence a definite temperature rise which is the 
same whatever the initial temperature. Thus the specific heat and 
atomic heat should mt vary with the temperature. 

When a consistent chain of argument leads, as this does, to a false 
conclusion, the initial premisses must be suspect. Here common- 
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, , :TABLE OF SPECIFIC HEATS / , . • 


. Substance. 

Teniperatme 

(X'.). 

Speciflc^' Heat. 

Solids 





Aluminium 

- 

- 

-240 

0-0092 




0 

0-21 




600 

0*282 

Copper 

- 

- 

-250 

0*0035 




0 

0*091 




97-5 

0*095 

Iron - 

• 

- 

-133 

0*077 




0 

0*105 




97-6 

0*114 

Lead - 

- 

- 

- 250 

0*0143 




0 

0*030 




300 

0-034 

Glass - 

- 


18 

0-19 

Rubber 

- 

- 

15-100 

00 

o 

1 

O 

Liquids 





Mercury 

> 

- 

^ 20 

0*033 

Alcohol 


- 

0 

0-55 

Paraffin 

- 


20-60 

0-51-0-54 

Glycerine - 

> 

- 

18-50 

0-58 

Saturated brine 

- 

r 

^ 15 

0-72 





■C, 




(spf lit. at con- 

<sp. ht. at con- 





1 

aj 

Gases 





Air 


. : 

0«24 

0-17 

Hydrogen - 

- 

- 

3-42 

2-40 

Argon 

- 

. - 

0-127 

0*075 

Carbon dioxide 

- 


0-20 

0*165 


From Kaye and Laby's Physical and Chemical Constants *% 

(9th edition, 1941) (Longmans, Green & Co. Ltd.). 

sense has made an important assumption — ^that it is possible to 
divide a quantity of energy exactly into any number of equal shares. 
But supposing energy is itself conveyed in discrete indivisible quanta 
of finite size, this cannot happen. 

The quantum theory explanation finds expressions for the statis- 
tical distribution of the quanta supplied among the atoms eligibte 
to receive them, and arrives at a value for the aveiage rise m the 
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energy of the atoms in this way. This value does vary with the 
temperature, and leads to specific heat values which vary as experi- 
ments find. For each substance there is a temperature above which 
there is little difference between the quantum theory and common- 
sense ” predictions, and we have seen that at high temperatures the 
simpler treatment does agree fairly wdth experiment. 

In the table on p. 75 are figures shoving the way in which the 
specific heats of some of the common metals vary with the tem- 
perature. 

QUESTIONS OX CHAPTER II 

1. Give definitions of the specific heat and the latent heat of fusion 
of a solid. Explain wiiether or not the numerical values of these 
^[uantities will change if your measurements are made in pounds and 
degrees Fahreniieit instead of grammes and degrees centigrade. 

Describe how you would measure the latent heat of vaporization of 
alcohol, showing how you would make your calculations from your 
observations. (O.) 

2. Explain the difference between specific heat and thermal capacity. 

In an experiment, 30 gm. of granite were placed in a test-tube that 

was heated by standing in boiling water. The granite w’^as transferred 
to a calorimeter weighing 50 gm. in which there were 35 gm. of wsiter 
at 10® C. The temperature of the water rose to 25® C. Find (a) the 
specific heat of granite, and (b) the thermal capacity of the granite used. 
What errors are likely to have been introduced during the experiment ? 
If you were performing the experiment how would you seek to minimise 
the errors ? (Specific heat of copper = 0*1.) (Scot.Leav.Cert. ) 

3. Describe an experiment to determine the specific heat of a solid 
wdiich is soluble in water, carefully explaining how you would calculate 
your result. 

A piece of aluminium of mass 0-5 lb. and specific heat 0*25 is left for 
a time in a gas oven heated by a steady burner. The aluminium is then 
taken out and immediately dropped into 5 lb. of water contained in a 
copper can of water equivalent 0'05 lb. The temperature of the water 
rises from 59® F. to 81*5® P. Neglecting any steam produced at first, 
calculate the approximate temperature of the gas oven. {J.M.B.) 

4. Define latent heat of evaporation 

10 grams of ice in a closed vessel are melted by sending in steam 
slowly at 100® C. Find the quantity of water present when the last of 
the ice has just melted. 

(Latenr heat of water = 80 caL/gm. ; of steam = 536 cal./gm.) (O.S.) 

5. Specific heats are frequently determined by using a thermos flask 
instead of a copper calorimeter. Describe how you would find the 
specific heat of lead shot in this way, explaining carefully why the 
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procedure, is different from that suitable 'to an' experiment tKing a copper 
calorimeter. (0,S.| 

6. Describe bow you would', measure the laient heat of evaporation of 

petrol and the latent beat of fusion of naphthalene. (O.S.) 

7. Draw a labelled diagram to illustrate an experiment for deter- 
mining the latent heat of vaporization of water. Do not describe the 
experiment, but state the probable sources of error, and show how the 
result would be calculated from the experimental data. 

Water in a vacuum flask is boiled steadily by passing an electric 
current through a coil of wire immersed in the water. When the 
potential difference across the coil is 5*25 volts and the current through 
it is 2-58 amp., 6-85 gm. of water evaporate in 20 min. When the 
potential difference and the current are maintained at 3*20 volts and 
1-57 amp. respectively, 2*38 gm. of water evaporate in 20 rnin., all the 
other conditions being the same. Calculate the latent heat of vaporiza- 
tion of water in joules per gm. (J.M.B.) 

8. The temperature of a furnace is found in the following way : A 
copper sphere of mass 100 gm. is left in the furnace until it has attained 
the temperature of the latter. It is then dropped into a copper calori- 
meter of mass 150 gm., containing 200 gm. of water, initially at 16^ C. 
The flnal common temperature is 38° 0., and on weighing the whole 
there is a loss of 1*2 gm. of water. Calculate the temperature of the 
furnace. (Specific heat of copper, 0*1 ; latent heat of steam at 100° C., 
536 calories per gm.) 

Describe in detail an accurate method of determining the temperature 
of the furnace. (O. & C.) 

9. What is meant by the specific heat of a substance ? 

Describe how you would deteimine the specific heat of a solid .such 
as copper (a) at room temperature, (b) at a temperature between 0° C. 
and - 20° 0., discussing possible errors and corrections. (O. & C.) 

10. Define “ latent heat of evaporation ’% and describe how you 
would attempt to find its value as accurately as possible in the case 
of water. 

Indicate also a method for the case of a liquid which is available only 
in limited quantities, (O. & C.) 

11. Describe and explain a method of determining the latent heat of 
steam, and point out any precautions which are necessaiy in order to 
obtain an accurate result. 

A copper calorimeter weighing 100 gm. contains a mixture of 10 gm. 
of ice and 100 gm. of water at 0° C. Bteam at 100° C. is passed into 
the mixture until the final temperature of the calorimeter and its 
contents is 10° C. Determine the mass of steam which has been passed 
into the calorimeter. 

(Latent heat of steam = 540 caL/gm. latent heat of ice = SO cal./gm. 
Specific heat of copper = 0*1.) (C.W.B.) 

12. Explain the uses and the advantage of some accurate form of 

ice calorimeter. Show how quantities- of heat can be calculated from 
the observed readings of the instrument. (O.) 
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13. What are the principal sources of error in the determination of 
specific heat by the method of mixtures f Explain briefiy how the errors 
are minimised. 

Equal volumes of water and paraffin are allowed to cool under the 
same conditions in the same calorimeter and the time-temperature 
readings are given in the following table : 

Time (min.) » • 0 1 2 3 4 5 

Temp, water (°a) - 60*4 57-6 55 3 53-4 51-8 50*5 

Temp, paraffin ("C.) - 60-2 55-9 52*2 49*1 46*2 43*6 

Draw graphs of temperature (ordinates) and time (abscissae) for both 
liquids. If the thermal capacity of the calorimeter is 10*5 cal. deg.“^ C., 
the mass of the water 85*5 gm. and that of the paraffin 68*4 gm., 
calculate the mean specific heat of paraffin between 51® C. and 57® C. 

(J.M.B.) 

14. Steam at 100® C. is passed into 100 gm. of a mixture of ice and 
water in a calorimeter of water equivalent 5 gm. When the ice has 
just all melted the weight is found to have increased by 5 gm. due to 
condensed steam. Assuming no loss or gain of heat from the surround- 
ings, find (a) what weight of ice was present when the condensation 
of steam began, (6) the rise in temperature if the passage of steam is 
continued until a further 5 gm. has condensed. 

Explain why in an actual experiment if the passage of steam were 
continued the weight would still go on rising even after the temperature 
of the mixture had reached the boiling point of water. 

(Latent heats of steam and water = 540 and 80 calories per gram 
respectively.) (C.) 

15. Describe and explain how the mean specific heat of a solid over 

a range of temperature between 0® or room temperature and about 
100® C. can be accurately determined by two methods, the first of which 
depends on the melting of ice, and the second on the condensation of 
steam. (C.W.B.) 

16. Describe in detail how you would determine the specific heat of 

a liquid by the method of cooling, showing how to calculate the result 
from the measurements you would make. (0.) 

17. Describe the Bunsen ice-calorimeter and discuss its merits. 

The capillary tube of such a calorimeter has an internal diameter of 

0*4 mm. When a piece of metal of mass 0*5 gm. heated to 100° C. is 
dropped into the calorimeter, the mercury meniscus moves 4 cm. 
What is the specific heat of the metal ? (Specific gravity of water at 
0®C.=t 1*000, that of ice at 0®C. = 0*917; latent heat of fusion of 
ice = 80 calories per gram.) (O. ^ C.) 

18. Describe Bunsen’s ice calorimeter and explain how you would 
use it to find the specific heat of a diamond. 

4 gm. of a substance at 50® €. dropped into the ice calorimeter caused 
the mercury thread in the capillary tube to move through 5*4 cm. The 
cross-sectional area of the tube was 0*005 sq. cm. 1 gm. of ice occupies 
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1*09 c.c. and the latent heat of fusion ot Ice is 80 calories per gm. 
Calculate the specific heat of the substance. (O.* 

19. State Newton’s Law of Cooling, and describe how you would 
attempt to verify it experimentally. 

Two solid spheres, of radii and are made of the same materia! 
and have similar surfaces. The spheres are raised to the same tempera- 
ture and are then allowed to cool xmder identical conditions. Compare 
(a) their initial rates of loss of heat, (b) their initial rates of fail ot 
temperature. (O. & C.) 

20. Deduce an expression for the heat which the passage of a steady 
current develops in a conductor. 

A resistance coil through which a variable current can be passed is 
immersed in a calorimeter containing water. Explain how you would 
use the apparatus to investigate Newton’s law of cooling. (O. & C.) 

21. State Newton’s law of cooling, and explain how you would tasfc 
it experimentally. 

A copper calorimeter of mass 100 gm., containing 150 c.c, of a liquid 
of specific heat 0-6 and specific gravity 1*2, is foxmd to cooi at the rate 
of 2° per minute when its temperature is 50° above that of its surround- 
ings. If the liquid is emptied out, and 150 c.c. of a liquid of specific 
heat 0*4 and specific gravity 0*9 are substituted, what will be the rate 
of cooling when the temperature is 40 ° above that of the surroundings ? 
(Specific heat of copper = 0-1, ) (O. & C.) 

22. State Newton’s law of cooling, and describe an experiment by 
which you could verify it. 

A calorimeter containing first 40 and then 100 grams of water is heated 
and suspended m the same constant-temperature enclosure. It is 
found that the times taken to cool from 50° to 40° in the two cases are 
15 and 33 minutes respectively. CMcuIate the water-equivalent of 
the calorimeter. (O. & C.) 

23. State Newton’s law of cooling, pointing out the conditions under 
w'hich it is likely to hold. 

Describe how you would carry out an experiment to test it, and 
explain carefully the purpose of the parts of your apparatus and how 
you would use the observations you would make. (O.) 

24. What is meant by the latent heat of vaporization of a substance f 
2 gm. of iron wire at 15° C. are dropped into liquid oxygen maintained 
at its boiling-point in a thermos flask. The volume of oxygen, measured 
at 16° C. and 80 cm, of mercury pressure, driven ofi is 432 c.c, ' Find 
the latent heat of vaporization of oxygen. 

The specific heat of iron may be taken as 0*09, the boilmg-point of 
oxygen as - 184° C., and the density of oxygen at normal temperature 
and pressure 0*0014 gm, per c.c. (0. <fe C.) 

25. A thermos flask contains liquid oxygen at its boiling-point. 
25*2 gm. of mercury at room temperature, 21*5° C., are aEowed to 
enter the liquid oxygen, and the gaseous oxygen produced is found to 
have a volume of §068 c.c, under room conditions (the barometric 
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height is 74 8 cm. of mercury). Calculate the latent heat of fusion of 
mercury, assuming that a surface of liquid oxygen remains in the flask. 

°C. 


0*034 caL per gm. per 
0'030 „ „ „ 

-38*8°C. 

58 cal. per grn. 

-182-9°C. 

T429 gm. per litre.) (L.) 


(Specific heat of liquid mercury 
Specific heat of solid mercury 
Freezing point of mercury 
Latent heat of evaporation of oxygen 
Boiling point of oxygen - - - 

Density of oxygen at s.t.p. 

26. A current of 4 amperes passes through a coil of wire immersed 
in 100 gm. of turpentine contained in a calorimeter. If the potential 
difference between the ends of the wire is 1*5 volts, calculate the rise 
in temperature of the calorimeter and its contents which takes place 
in three ncdnutes. 

(Water equivalent of calorimeter = 10 grammes ; specific heat of 
turpentine = 0*42 : J =4*2 joules per gramme -calorie.) (C.W.B.) 


27 A cylinder of copper has an electric heating filament inside it, 
so that it may be heated by passing a current.^ After the temperature 
had been raised the current was switched off and the copper allowed 
to cool. The following observations were made of the temperature 
at 20-seeond intervals . 


86*0°, 70*0% 60*0% 51*7% 44*5®, 38*5° C. 

The current was again switched on and adjusted to 3*5 amperes in 
order to keep the cylinder at a constant temperature of 53® C. 

If the specific heat of copper is 0*095 cal. per gm. per deg. C., and the 
mass of the cylinder 200 gm., what is the resistance of the heating 
filament? 

(Take the value of J as 4*2 joules per calorie. Graph paper is 
available.) (L.) 

28. What are (a) the advantages and (6) the difficulties of the con- 
tinuous flow method of calorimetry? 

Describe in some detail how this method may be used to determine the 
latent heat of steam at atmospheric pressure. (J.M.B.) 
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EXPANSION OF SOLIDS AND LIQUIDS 

tocEEASiNG the temperature of a rod -causes it to, expand,, that iS| 
to increase in length and thickness. . The observed expansion in 
length must' he proportional to the.lengt.h.of the rod ; for if a rod 
one metre in length expands by one millimetre, two such rods placed 
end to end to make, a rod two metres long expand by two milli- 
metres. ,It IS' found that, at least t^ithin the accuracy of ordinary 
observations and within the range of temperature of most ordinary 
experiments, the expansion is nearly proportional to the temperature 
rise. The expansion also depends on the material of the rod ; when 
equal lengths are heated through the same difference in temperature, 
it is found that the expansion of iron is about two-thirds that of 
brass and about half that of zinc. In the light of these facts, rules 
for dealing with the linear expansion of a rod can be stated. 

Let the length of a rod at 0° C. and t° C, be Iq and I respectively. 
Then I - 1^(1 + at), wLere a is a ‘‘constant” for the particular 
material concerned, called the coefficient of linear expansion (C.L.E.} 
of the material. The formula given above is only approximately 
true ; for most substances a formula containing and fits tbe 
results of accurate observation more closely — or we can say that 
a itself varies with the temperature. The value defined by the 
above equation is really the inean value between 0® C. aifid f G. 
of the coefficient of Umar expansion. 

In most problems on expansion we require the change in length 
w hen a rod is heated betw^een two temperatures neither of w^hich is 
0® C. 

Let Iq be the length at 0® C., the length at t-f C., and L the 
length at tf C. 

It is easy to show that, if a itself 'is small, and does not vary 
greatly with the tem|»rature, there is no very considerable difference 
between 

(а) the mean between 0° C. and if* C. ; 

(б) the mean cx.E. between -0® 0, and tf" C, ; and 
(e) the mean cx.». between G, and C. ; 

81 ' 
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providing that the temperature difierence h not too great. 

If we accept the equality of a for both (a) and ( 6 ), 

and h = lo{l+od2); 

“> <■> 

If we also write a for (c), we can say 

Z2==Zi[l 4-a(%“'y]. ..(ii) 

Simplifying equation (i), 

Zg/Zi = (1 4- ay (1 4- 

Now, if we expand (1 + by the binomial theorem, 

(1 + — 1 - “ ocHi ^ . . . , 

continuing with higher powers of at^ ; and if a^l is so small that 
and higher powers of <xt^ can be disregarded, (I + = (1 - cdi), 

as a close approximation. 

~ (h + <xy (1 — a^j), 

or, ^2/^1 ^ + 0 £ (^2 ^i) “ 

Again, as <x\t2 is a small quantity of the same order as aW 

= [1 + a (^2 y ] ? 

or, i2 = Zi[I+a{i2-y], 


which is equation (ii). 

Equation (i) simplifies to (ii) as an approximation if both at^ 
and oct^ are so small that their squares and higher powers can be 
neglected, and for all practical purposes we shall use the formula 
-j-a(^2-y]> using whatever value of the cx.e. is given as 
the mean value between C. and C. The notation is simplified 
by letting Iq stand for the original length, I for the length at the 
higher temperature, and t for the temperature rise, when this equation 
win be written Z==Zo(l+a^). In any experiment between two 
definite temperatures to determine a, there is of course no doubt 
as to what is being found ; it is definitely the mean g.l.e. betw'een 
these two temperatures. 

We can assign a meaning to the term actual coefficient of 
expansion at f QJ* Let a small rise in temperature from f C. 
to + 8 ^)® C. cause an increase in length from to Z 4- BL Then 
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^ + Si =1(1 +a8Q, where « is the mean coefficient over this smaii 
interval. 

1 SI 


. . a.= 


I St’ 


or, in the limit, when 81 and Si are extremely small, 

1 dl 

which gives the actual c . l . e . at f C. 

The zero coefficient of exjiansion is a - ~ ™ , where Iq is the length 
at 0®a 

It shonid be noticed that the difference between the values of 
the mean coefficient determined over different temperature ranges 
is a matter of experimental observation. 

The difference in value between the actual coefficient and the 
zero coefficient is a matter of arithmetical reckoning ; as neither 
of these two values is independent of the temperature, w'e cannot say 
that either is the “ right ” way of reckoning. 

1, dl 

Supposing y* ^ is a constant, a^; then integrating gives 
^0 at/ 

I^Iq {1 where 2 ^ is the value at 0 ® C. ; the length increases 

by eqml amounts for equal temperature increases, or by the law 
of “ simple interest 

Supposing ^ is a constant, integrating gives 

where again Iq is the value of I when ^ = 0 ; the length increases by 
equal fractions of the existing length for equal temperature rises, or 
by the law^ of compound interest 
Expanding the second equation gives 

I^Iq \1 + + higher powers of aj \ ; 

but if olJ is so smaU thcd and higher pemers can be mglmied^ 
this approximate to Zs=20(l -f whence no disttnction between 
and need be made in practice for all ordinary purpo^. 

To sum up : 

(1 ) We shall define the ooeffieient of linear expanaon of a material 
as the inermse in length of mil Img^fot unit tempmMnre twe. 

(2) We 'Shall always use the valu« pcovided in probtems as the ^ 
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mean values between the temperatures coTwemed ; and remember that 
in experiments we are determining the mean values between the 
initial and final temperatures. 

(3) We shall use the formula l^lQ{l+od), where Iq denotes the 
original length, I the final length, t the rise in temperature, and a 
the mean coefficient of expansion over this range. 

(4) We shall he prepared to distinguish if necessary between mean 
values and the actml value at any temperature^ and between the 
coefficient based on the increase in length of unit length at the low 
temperature, and that based on the increase in length of unit length 
at 0° C., meanwhile remembering that for all practical purposes, 
except for very large temperature changes, these distinctions are 
so small as to be unnecessary. 


TABLE OF COEFFICIENTS OF LINEAR EXPANSION, 


Aluminium - 
Copper 
Lead 
Platinum 
2inc 
Brass - 
Iron (cast) 
Wrought iron, 
steel, about 


per C. degree. 


0 0000255 

Most glasses, about - 

- 0 000008 

0-0000167 

Pyrex . - - 

- 0 000003 

0 0000291 

Fused silica 

- 0-0000006 

0-0000089 

Many woods, 


0-0000263 

along grain, about 

- 0-000004 

0-0000189 

acnross grain, about 

- 0-00005 

0-0000102 

Invar steel, with b6% 



nickel - 

- 0-0000009 

0-000012 

Other kinds of invar 

steel, with eo- 


efficients - 0-0000003 to 0-0000025 
are made. 


The value of the coefficient of expansion does not depend on the 
urdt of length used ; one centimetre heated one degree expands 
a cm., 1 ft. heated one degree expands a ft., and so on. But as one 
Fahrenheit degree is 5/9 centigrade degree, the Fahrenheit co- 
efficients are obtained from the above by multiplying by 5/9. 

It will be noticed that the values of the coefficients of linear 
expansion for all materials are very small, of the order of ten to 
twenty parts in a million for most metals, and also that the values 
both for fused silica and invar steel are considerably less than one 
part in a million. 

Determination of the coefficient of linear expansion of brass (mean 
value between air temperature and 100® C.) From the value of a given 
in the table, it can be seen that the expansion of a rod one metre 
long is of the order of one millimetre for a rise in temperature of 
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80 centigrade degrees* Such a ebaBge is very difficult to measure 
with accuracy. There are two methods of attack in simple experi- 
ments in w*hieh one end of the rod is fixed and the other free to 
move. The first is to magnify the displacement of the free end of 
the rod by some mechanical or optical device, and the second is to 
use refined measuring instruments to observe the expansion directly. 
One , simple experiment of each kind will be described* and its 
defects discussed. 



Fig. 31. — Simple expansion apparatus. 


Roller-lever method. In Fig. 31, A B is a hollow tube of the 
metal, firmly clamped at C, The free end moves over a cylindrical 
roller R (a very fine needle) to which is attached a thin pointer P 
moving over a protractor scale graduated in degrees. B roils 
j’reely on a glass plate, and firm contact between the tube and the 
roller is secured by hanging a weight on a loop of thread over the 
tube. The distance CR (Iq) is measured, and the air temperature 

C. taken, and the initial reading 0^ of P on the protractor scale 
observed. Steam is now passed through the tube, until it has 
been issuing freely from the end B for some time, and the pointer P 
is quite steady, when the final reading is taken. The barometer* 
is read, and the true temperature of the steam, C., determined 
from the graph of p. 6. Finally, the diameter d of the roller R 
is determined at several points using a micrometer screw gauge- 
reading to 1 /lOO millimetre, and the average taken. The calcuiation 
then proceeds as follows. 

In order to rotate the roller once if it were fixed in a bearing, the 
lod would have to expand through one drcumfe ence, Trd, of the 
roller. But as the roUer is free, it rolls forward through one cir- 
cumference, by a distance Trd ; hence the expansion of the tube for 
one rotation of the roller is 2wd, twice as much as one would at 
first suppose. The angle turned through by the roUer Is 


degrees, and this is 




revolution. 
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The expansion is then cm. 

The temperature rise, t, is (^2 “%) degrees. 

Now a is the increase in length for unit length for unit temperature 
rise, that is, Gc=expansion/(length x temp, rise). 



27rd(e^ - 0^) 
kih-h) x 360 ‘ 


As to accuracy, Iq and the temperature rise are not the deciding 
factors. For if Zq is 50 cm., and it is measured to the nearest 
millimetre, the error is 1 in 500, and if Hs 80 C. degrees and it is 
measured to the error is 1 in 160. 

We know the expansion is somewhat less than one millimetre, so 


VJL =tt^l72 




Increasing - Bj) so that it may be more accurately mjeasured 
means decreasing d, with a larger proportional error. If = 0*1 cm,, 
with an error of one part in a hundred, (^2 ■“ ^ 1 ) ®^^d, involving 

iwo measurements eadi of which may be in error by half a degree, 
lias an error of one part in 57. If the roller diameter is halved, the 
proportional error in d is doubled, while the value of {B^-B^ is 
114®, and its error is halved to one part in 114. In the first case, 
-the total error in finding ^ 01 0*0275; in 

■the second case it is 0*028. There seems no way of 

xeducing this error much below 0*028. The total error is 1 in 500 
(or 0*002, as a decimal) for Z©, I in 160 (or 0*0063) for t, and 0*028 
for d(^ 2 - 6 ?i), giving a total of 0*0063 + 0*028 or, 0*036, 

which is 3*6 per cent. 

We have here left out of account several iricalculable uncer- 
■tainties : the average temperature of the tube is somewhat below 
the temperature of the steam, the stand itself expands, and the 
roller may possibly slip slightly. These add a large uncertainty 
to the result. 

It is interesting to compare fee accuracy of this experiment 
with fee relatively simple experiment which follows. The ingenious 
roller device simply means that we have to measure a small length 
<the diameter of the roller) wife a precision instrument, and then 
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superimpose a large protractor error* . It is far better in . principle 
to measure the expansion directly, A similar criticism appira to 
all mechanical lever and optical lever devices ; the semitiverms 
is increased by increasing the lorig arm of the' lever, but the .accuracy 
is limited by the , certainty mth which the short arm of the lever 
can be measured. 

Using a micrometer screw gauge. The specimen is in the form, 
of a thin tube, closed at both ends, with side tubes for the passage 
of steam. The tube is lagged with asbestos rope, and its lower 
end rests on a glass plate. At the top, an ebonite platform supports 
the three legs of a spherometer, the central micrometer screw of 
which can be screwed down to make contact with the expansion 
tube. As it is difficult to see exactly when contact is made, the 
spherometer and specimen are included in an electric circuit con- 
taining a high resistance and a galvanometer (a voltmeter enables 
the resistance to be dispensed with). Fig. 32 illustrates the 
apparatus. 

Measurements of the cold length of the tube, the air temperature, 
and the high temperature, are made as before. To measure the 
expansion, the spherometer is screwed down so that the galvanometer 
just indicates contact, read, and 
then screwed back several turns 
to allow for the expansion. 

After steam has been passing 
steadily through for some time, 
the spherometer is screwed up 
to make contact again, and the 
reading taken. This is repeated 
after some minutes more, and if 
any increase is noted, repeated 
again until the reading is steady, 
showing that expansion is com- 
plete. 

The calculation «« expansion/ 

(original length x temp, rise) is 
performed as before. 

While the accuracy of measur- 
ing 4 ^ » 'the same as in the 

last experiment, the expansion, 



Fio, 32,-— Micrometer screw expan- 
mon apparatus. 
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which is of the order of a niilliinetre, is certainly determined to 
within 0-01 mm., that is, to one part in a hundred. The maximum 
possible error due to the measurements is then 0*002 + 0*0063 + 0*01 
0*0183, say 1*8 per cent. Lagging the tube, and the method of 
assembly of the apparatus, reduce uncertainties as to incomplete 
heating and expansion of the stand. 



Comparator method. This is a standard precision method for 
specimens in the form of a bar or tube. The specimen is held 
horizontally so that it can expand freely at both ends. Two 
scratches are made near the ends. Two travelling microscopes 
; each with an eyepiece micrometer, mounted on heavy stone slabs, 
are used to observe the position of each mark. The arrangement 
of the apparatus is shown in Fig. 33. The bar is placed in a constant 
temperature bath at the low temperature, and the length Iq measured ; 

, the microscopes are focussed on the scratches. Then the bar is 
placed in a bath at the high temperature, and the microscopes again 
focussed on the scratches ; if the reading of one microscope has 
I - changed by x cm., and the other by y cm., the total expansion of 
‘ the bar is {x+y) cm. To check that no expansion of the support 
has occurred, the low-temperature reading is repeated at the end. 
From the rise in temperature, the expansion, and the value of the 
cold length, a is calculated as in the simple experiments. 

Fizean’s optical interference method. When a thin parallel 
film of air enclosed between two parallel transparent plates is 
filuminated by light from an extended source falling practically 
perpendicularly (though with slight variations in the angle of incidence 
at different parts of the beam) on the film, an interfereTice pattern, 
cxmsisting of concentric coloured rings, or, if monochromatic light 




INTERFERENCE' METHOB 8!> 

of one wave-length A is employed, ■ of concentric bright and dark 
rings, is observed. The bright rings occur when the optical path 
difference between the waves reflected at 'the top and the bottom 
of the thin air film is a whole number, of wave-lengths, so that the 
two are exactly ‘‘in step/V nnd the' dark rings occur when the 
optical path difference is I, 1|, 2i etc. wave-lengths, so that 
the“ crest of one wave emerges in step with the ‘‘ trongh ’’ of 
another, and the two waves annul one another. The full explana- 
tion of the production of the rings is more diflScult than is often 
supposed, and will not be attempted here. But the principle of 
the experiment can be understood from the following argument. 

Number the bright rings, 1, 2, 3, 4 ... out from the centre. 
Suppose that slight differences in obliquity cause optical path 
differences of A, 2 A, 3A, 4A, ... etc., when these rings appear in 
the positions J, R, 0, jD, ... respectively. Now suppose that the 
thickness of the film is reduced. The whole pattern expands, and 
for a certain new value of the thickness, ring 1 appears at By 
ring 2 at C, ring 3 at i>, and so on. That is, the optical path 
difference at B has been reduced from 2A to A, that at C from 3A 
to 2A, that at B from 4A to 3A, and, as the wave which is reflected 
at the bottom of the film has traversed it twicey it can be seen that 
the change of thickness of the film must be exactly half a wave-lengthy 
or A/2. Thus, if the c^entre of one bright band is displaced by such 
a distance that it falls in the position previously occupied by the 
adjacent bright band, the film thickness has been reduced by half 
a wave-length ; fractions of a band separation are of course esti- 
mated. The wave-length of the yellow lines of sodium is about 
O'OOOOoO cm., and of the green line from the mercury arc about 
0*CKX)055 cm. We thus have a method of measuring directly small 
displacements to at least 1/30,000 cm., even counting only to the 
nearest whole band shift. The method was applied by Fizeau and 
subsequent experimenters to the determination of the coefficient 
of expansion of crystals. 

The specimen P (Fig. 34), m the form of a fiat 
polished plate of measured thickness {a few' milli- 
metres) rests on a flat metal plate AB, which also 
supports an optically worked glass plate CJD 
very clc»© to the upper surface of P. The m* 
terference pattern due to the thin film of air 





Fig. 34. — 
©xpaasion laetbod. 
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between P and CD is observed at the low temperature. The shift 
of the bands as the thickness of the air film changes when the wiiole 
apparatus is heated through a known temperature rise is observed ; 
this is due to the difference between the expansion of the crystal and 
that of the screws supporting CD, for which allowance must be made. 

Superficial and cubical expansion. The coefficient of superficial 
expansion is the increase in area of unit area for Unit temperature 
rise. We shall denote this by 

The coefficient of cubical expansion is the increase in volume of 
unit volume for unit temperature rise. We shall call this ocg. 

Substances which have the same properties in all directions are 
called isotropic. Many crystals, and substances such as W'ood, do 
not have the same properties in different directions, and these are 
said to be anisotropic. 

For an isotropic solid, if a be the coefficient of linear expansion, 
ag=2a, and ac==3a approximately, and sufficiently closely for all 
practical purposes. 

Consider a cube of unit side heated through a rise of t degrees : 



■ 

Length 
of side. 

Area of face. 

Volume of cube. 

At low temperature 

■ 

1 

1 

■1" 

1° higher 

Now, if cc is of the 

(l + at) 

(l + aO^ 

“ 1 -f- ^Qct 4* 

(14-a^)® 

= 1 -j- 3aif -f -f aH^ 

order and t of 

the order 10®, at is 
of the order 
and, neglecting 


of order 10“® 

aH^ of order 10"® and 
aH^ of order 10"^ 

we, can .write . 

1 + aiJ 

l + 2al 

"'1 +'3a^.:''. 

The increase per 




unit for f rise is 
then 

'■[r'oct':-/- 

2at 

3aif 

and the increase per 




unit for T rise is 


2a 

3o£ 


Hence ==2a, and “3a, approximately. 


For anisotropic solids, the coefficients of expansion may be 
different in different directions. Suppose unit cube of such a 
material to have coefficients of linear expansion a^, ag, and along 
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three edges at right angles to one ' another the Tolnme at f (\ 
is (1 4- ap')(i -f a4)ll Bj multiplying out, and negleetiiig the 

products Xia 2 f) etc., and the Tdiume is ,[1 -r |>| - -r t i 

for all practical purposes, whence -r.agi,.; 

' X-ray methods for 'crystals. The atoms or'ioriS'in a crystal are 
arranged in a.Teg'ular pattern in space,, and .can be regarded as set 
in a series, of parallel planes, the distance between successive planes 
'be,ing called the lattice spacing. There are, of course, several 
different directions in any given type of cr 3 ^stal along viiich these 
lattice planes can be found. 

The lattice spacing d for a given set of lattice planes in a- eiwstal 
is determined b^" observing the angle 6 at which X-ra^’s of w'ave- 
length A are regularly reflected. Then n!{=2d sin d, where n is a 
■whole number. 

It 'is found that d .increases with the- temperature, and can te 
represented the formula -Tcd), where a is the coefficient 

of expans.ion of the lattice-spacing. The values of a obtained from 
measurements of d a.t differe.nt temperatures agree elosel\" witli 
direct measurements made on single crystals for the same directions. 

Expansion of a hoEow vessel. ■ Consider a cube of unit side; let 
the C.L.E. be a. For a rise in temperature of f C., each side becomes 
(1 +od), and the volume inside is (1 -half, approximately equal to 
(1 -rSat), But this is just what happens when we consider a solid 
cube of the same material, hence the volume of the hollow &pace inside 
the cube increases just cls if the hollow space itself were made of the 
material of the cube. This of course applies to a vessel of any shape. 

Expansion and elasticity. Increasing the temperature is one wny 
of lengthening a rod ; it can also be extended b\" a pull in the 
direction of its length. If the rod returns to its original length 
when the pull Is removed, the stretching is said to be perfectly elastic. 
It is found experimentally that for a given specimen the force is 
directfy propo,rtional to the extension it produces, provided this 
does not exceed the limits of perfect elasticity. For a given 
material, the force per unit area {called the stress) is proportional to the 
elongation per unit length (called the strain) and the ratio stress /strain 
is called Young's Modulus for the material, denoted here by the 
symbol E ; 

that is, - JE or sti^s ^Ex strain, 

strain 
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This is one way of expressing Hooke’s Law ;; it .applies '.equally wel 
for compression (which is a negative extension). 

Now suppose a bar of length Iq, area of cross-section A, is heated 
through f. The expansion is iQod and the stmim -"cd. Let this 
now be clamped at the ends and cooled down again to the original 
temperature. The result , is just the same as' ,if it had, without 
heating, been pulled out mechanically, and the force required to 
keep it extended will be the same as that which would be required to 
produce the extension. Since strain therefore stress = Mai, and 

total force— stress xarea^AMaL 

A similar argument appli^ for the force required to stop expansion 

— we can imagine a bar whose hot length is Iq{ 1 -hat) to have been 

compressed by an amount leot so that its length is reduced to 1^, 

. ^ * 1 t ‘ AMat 

the force required bemg * 

SOME PRACTICAL APPLICATIONS OF EXPANSION 

Many of the more obvious examples of the effects of expansion, 
and the steps taken to use or to counteract these effects, are probably 
familiar to the student. Allowance for expansion in the laying of 
railway lines and the erecting of steel bridges, the shrinking of 
metal tyres on cartwheels and similar methods of assembling metal 
parts in engineering, are a few of the many well-known examples. 
In accurate measurements of length, allowance has to be made for 
the fact that the scale expands and is accurate at one temperature 
only. We shall describe in detail a few important practical applica- 
tions, some of which are fairly recent. Nearly ail of these employ 
two expansible materials, and either seek to defeat expansion by 
expansion, or use the fact that a bimetallic strip (consisting of two 
metals of different coefficients of expansion brazed side by side) 
bends when heated, or find an ingenious application for the very 
small expansibility of fused quartz or invar steel (36 per cent, 
nickel). 

Compensation of clocks and watches. The hands of a clock are 
attached to wheels which come midway in a train of gears between 
the driving wheel actuated by the spring or weights, and the 
escapement which controls the rate at which the whole train of 
wheels runs down. In the pendulum clock each beat of the peU' 
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duiam moves a claw-shaped pallet arm. so that one, tc»th of the last 
wheel of the train, (called the scape wheel ean; pa,ss. It follows 
that, if the pendiilinn beats more rapidly than it should, the whole 
train of wheels' . will ran too fast, and' the clock will ,gain ; while if 
the pendulum beats t€K> slowly, the clock will lose. , 

The pendulum usually' consists of -a metal rod with, a heavy disc 
(the bob ”) at the lower end. '.It is, strictly speaking, a rigid 
pendulum but for our purposes it wili be imagined to be a simple 
pendulum ”, with a bob of negligible dimensions suspended at the 
end of a wire of negligible mass. The length of a simple pendulum 
is the distance between the point of support and the centre of 
gravity of the bob. For a simple pendulum of length I, the time T 
of one complete small-amplitude swing (tivo beats) is given by the 
formula T ^ 27 T\!ljg^ w^here g is the acceleration of gravity at the 
place concerned. 

We will first consider the effect of a rise in temperature on the 
period of the pendulum. 

Let Iq be the cold length, T the correct period, then 


T 


» rt 


At a temperature f higher, the new length is -^oe^) and the 
new period 

T + BT=27r =27r -n/- • (1 + od)*, 

or, T + ST = T(l+atf ; 

as a« is very small, {1 + = (1 + fcei) approximately. 

T + ST=^T{l+lcd)=‘T+i(xtT. 
hT^latT, 

A It 

and =ia.t. 

^ gives the fractional increase in period. 

If i; = 10C. deg. and «»0-000018 


ST 

T 


= 0 - 00009 . 
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Note that this is ■ independent of, the actual length of the,,, pen- 
dulum. 

For the effect on the clock, suppose that T is, one .second. . This 
simplifies the ai^mment,. and is legitimate since BTJT is. the same 
\rliat ever the length. 

Then 5T-0-00009T=0‘00009 sec. 

That is, each s^ing of the pendulum takes 1*00009 sec. . Instead 
of 1 sec., and the clock loses 0*00009 sec. in every T00009 sec., or for 
all practical purposes, 0*00009 sec. in every second. Hence, 

in one hour it loses 60 x 60 x 0*00009 sec., 
in one day it loses 24 x 60 x 60 x 0*00009 sec., 
in 30 days it loses 30 x 24 x 60 x 60 x 0*00009 sec., which is 
234 sec., or 3 min. 54 sec. 


X 


o 


So the error is sufficiently great to need some means of compensa- 
tion. 

All methods of compensation follow the 
same general principle, and the simplest to 
understand is that of Harrison’s Gridiron. 
Fig. 35 shows the principle, while the actual 
construction of such a pendulum is shown 
in Fig. 36(6). The distance I between 
the point of support 0, and a fixed point 
here supposed to be the centre of gra vity 
0 has to remain constant. Two rods, a: cm. 
of a material of c.l.e. aj, and j/ cm. of a 
material of higher g.l. e. ocg are used. If f, 
which is (x~y)^ is to remain the same at 
all temperatures, the expansion of the first 
rod downwards for a rise in temperature t 
must balance the expansion of the second rod upw^ards, 


y 


Fig. 35. — Principle of 
compensated pendulum. 


SO 




or 


X a. 


If X is of iron («!;«= 0*000012) and y is brass (cscg-O^OOOOlS), 


0*000018 

" 0 * 000012 ^ 


C»:tlPEXSATED^ PENDULOI 
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In the actual gridiron pendulum of 
Fig, 36 j the downward expanding 
nienibers aie of iron, and the upward 
expanding nienibers of brass, the- total 
lengths of iron, and brass being' in the 
ratio 3 : 2. ' ■ ■ 

At the present time, it' is possible 
by the use of invar steel to design a 
peiidiiliiiii. rod the change of length, of 
which, with temperature is, practically, 
zero. 

In the watch escapement, the pallets, 
are at one end of a lever the' oth_er arm 
of Biiich engages a pin on the mount 
of a,' small fiyivlieel called the ' Mance- 
wheel, ii'hicli .is c?on trolled by a,.-\hair- 
spriiig. T wo etors determine the rate 
at which the ba],an.ce wheel oseilia.tes, 
the stiffness of the hairspring, and the ■ tiom .of iron ami brass, |6) 
moment of inertia of the balan-ce w^heel ' tlosjgn. 
which depends (a,mong other things) on its diameter. A rise in 
temperature weakens the hairspring' and increases the diameter 
of the balance wheel, both changes causing the oscillations to be 
slower. The former is the more important effect. The usual 
method of compensation is, as shown in Fig. 37, to make the' 
balance wheel rim. in two or more segments of a bimetallic strip with 
brass on the outside and steel on the inside, and w^eighting the rim 
suitably. As brass has the greater coefficient of expansion, the 
end' of each segment curls inwards wffien the temperature rises, 
thus reducing the moment of inertia sufficiently to compensate both 
for radial expansion and weakening of the 
spring. 

Eeguio-*’ g.as-oveii thermc^tat (Fig. 38). 
The 'head carries a dial D on which a 
series of numbers is clearly marked. When 
the dial: D is. turned, it causes the spindle 
A to rotate. The screwed portion, of the 

Fxg. 37.-Compensated ^ 

balance-wheel. of the valve F, and when A rotates, the disc 




('>) (M 

'Fic. 36.— Gridiron ixwluluin. 
(a.) Em^'tiYe rrinfive propor- 
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Fig. 38. — “ Begulo ” thermostat. 

By courtesp of Radiatiofi^ JJd. 

of the valve moves nearer to or further away from its seating, the 
end of A always remaining in contact with the rod B. When D is 
turned so that the higher numbers on the dial are visible, the valve 
opening 0 is increased, whilst, w^hen the movements of the head 
bring the lower numbers into view, the opening of the valve is 
lessened. Thus, by turning the dial, the setting of the valve can be 
altered, and it is the setting of the valve that determines the 
particular temperature maintained. 

An expanding tube the tail end of which is closed, is fixed 
into the “ Regulo ” head. This tube extends across the inside 
of the oven near the top, and expands or contracts with changes of 
the temperature within the oven. The automatic lengthening and 
shortening of this tube causes the closing and opening of the valve 
in the head, and controls the gas supply to the oven. 

To utilise the movement of the brass tube, there is fixed inside it 
a rod R of special non-expanding metal (probably invar), one end 
of the rod beiog attached to the tail end of the tube. The other 
end of the rod is firee, but the brass piece A, which carries the disc 
valve, is pressed up agamst it by the spring S, When the brass 
tube becomes hot and lengthens, it carries the rod with it, and 
because the rod does not expand, the disc valve is moved so that 
the opening 0 is gradually reduced. The gas is led to the inside 
of the “ Regulo ” head at P, and it has to pass through the opening 
0 on its way to the ovem It is at 0 that the gas is automatically 
controlled. 

When the whok of the gas supply to an oven is controlled auto- 
matically, the possibility arises that the gas may be momentarily 
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cut off and brought on again. Hiis would occur if the oren were 
heated to a high temperature j. and the dial were then turned to a 
much lower mark. Under these conditions^ the valve would be 
closed completely until the oven had cooled, when unbiirned gas 
w’ouH escape from the burner, .This possibility is avoided by 
leading a portion of the gas through an alternative channel, direct 
.to the burner, so that some of the. gas does not pass through the 
au.tom.atic valve. Such an. alternative, supply is known as a by-pass^, 
and ife is not controlled automatically. 

Sunvic high-vacuum switch. The ex- 
pansion of a wdie when it is heated by the 
passage of an electric current through it is 
the basis of the. operation of the high-vacuum 
switch, shown.' in Fig. 39. A and B are 
conductors carrying the heavy, current ■ in a 
circuit, C is a lever pivoted at the top of A, 
making or breaking the connection between A 
and' B. 8 m b. long strip of special steel, 
wound several times between the insulating 
bobbins TT ; this strip is connected in a 
second circuit so that a small current can be 
sent through it when it is required to keep 
A and B connected, while when the current 
through S stops, connection between A and 
B is broken. This is because when S carries 
no current it is cool, contracts, operate the 
lever C against the spring D, and opens the 
contacts ; when S carries a current it expands, 
slackens, and allows D to close the switch. 

The whole is maintained in the highest 
possible vacuum, so that it is impossible for 
an arc to be established when the contacts are separated, as would 
happen If such a switch were to operate m air. 

Bimetallic thermostat control. The use of a compound strip made 
of two metals such as iron and brass, of widely different coefficiente 
of expansion, has already been mentioned (p. 95). Such a strip 
when heated will bend into an .arc with the more expansible metal 
on the outside of the curve. Pig 40 shows the Sunvic thermo- 
stat cemtroL Ihe two metal strip shown form p«t of an electric 



vacuum switch. 



98 


A-- TEXT-BOOK OF HEAT 



Fig. 40. — Bimetallic thermostat control switch. 
Reproduced by courtesy of Sumic Cordroh^ Lid. 


circuit when the contact pieces touch. The upper one is a bimetaiiic 
strip which bends up when the temperature rises and breaks the 
circuit. Fig. 41 shows how this is connected, with the high- vacuum 
switch already described, to maintain a constant temperature in 
a bath heated by the heater (denoted by '' load ”). The thermo- 
stat is in the bath, and is connected in series with the wire 8 of the 
vacuum switch, so that when the thermostat control contacts open 
(because the bath is too hot), 8 takes no current, cools, contracts, 
operates lever C (Fig. 39), and switches off the load current- When 

the bath cools dovm, the thermostat 
contacts shut, current again passes 
through 8, and the load current 
passes as before. This thermostat is 
sensitive to temperature changes of 
one centigrade degree, provided the 
rate of change is not too great. The 
glass envelope is filled with hydro- 
gen, which gives a fairly quick 
response to temperature changes, 
and at the same time preserves the 
contacts from dirt and corrosion. 
Another model, with the bimetaiiic strip fixed the other way round 
so as to close the circuit when it is heated, is used as a fire alarm. 

Bimetallic thermometers and thermographs. The change of 
curvature of a bimetallic strip when its temperature changes can 
be caused to actuate a pointer moving over a dial. The sheer 
simpbcity of this arrangement commends it for simple domestic 
thermometers. It is, however, used for scientific instruments also, 
particularly for recording instruments, or thermographs. Fig. 42 
shows a recording thermograph,; in which the change of curvature of 
a hebcal bimetallic strip,, which can be seen in the cage at the right, 



Fig . 4 1 . — Circ uit for \'acuum switch 
operated by bimetallic control. 
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Fig, 42. — Bimetallic thermograpli. 
ii|/ emrtepj af md %frMhm. 


mores an inked pen which records on a chart on a clock work -driven 
drum. The h(‘iix operates directly on the spindle of tlie pen arnij 
without any levers or links ; it exerts a poweifiil control which is 
ample to overcome the friction between the pen and the charts and 
responds with very little lag (a most important point) to temperature 
changes. The thermograph needs no attention, apart from winding, 
and replacing the chart, and is used for such purposes as packing 
with the caigo of a ship to give a record of the temperature in tlie 
hold during the voyage. 

Glassware, (a) The fracture of glass vessels on heating, depends 
on several factors. Thick glass vessels, when subjected to mdden 
changes of tc^mperature, can relied on to break. This is because 
glass is a poor conductor of heat, and the part subjected to the 
heating is therefore maintained at a much higher temperature than 
the surrounding parts for an appreciable time, during •which it 
expands and exerts forces (depending on its. elastic constants) on 
the other parts which they are usually unable to stand, though this 
depends on the strength of the glass. . 

Breakage is avoided by (i) chor^ing thin glassware, as is done for 
laboratory apparatus, (ii) avoiding sudden temperature changes 
(boiling jam, for example, is poured Into heated pots), and (Hi) 
choosing glass of smaU coefficient erf expansion and high thermal 
conductivity. 
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Several formulae have been given relating the resistance to 
thermal shock and the thermal and elastic constants of a glass. 
According to a formula of Hampton and Gould, the difference of 
temperature rapidly applied which vdll cause fracture is given by 

ocE 

where P is the tensile strength, a the c.l.e., E Young's Modulus, 
<r Poisson’s Eatio, and /(a:, a function involving the nature and 
•extent of the chilling medium, the thickness of the test piece, and 
the thermal diffusivity (involving thermal conductivity, density 
and specific heat). Although all these factors are involved, the most 
important is the coefficient of expansion. Ail glasses with low c.l.e, 
stand up well to thermal shock. Fused silica (a = 0*0000005 per 
C. deg.), and the new American glass “ Vycor ” {a = 0*0000008 per 
C- deg.) which contains 97 per cent, silica, can both be heated 
to white heat and plunged safely into cold water, ‘‘ Pyrex ” glass 
0*0000033 per C. deg.), even in the form of thick tubes, can be 
thrust into a blowpipe flame suddenly without risk of fracture. 
Ordinary soft glass (a=about 0*0000085 to 0*0000095 per C. deg.) 
of course needs very careM treatment. 

The coefficient of thermal conductivity of fused silica is about 
twice that of ordinary glass ; while the great tensile strength of very 
ihin fibres of fused silica is wefl known, the strength and elastic 
properties of this material in large specimens do not differ very 
much from those of ordinary glass, 

(5) Uses of fused silica vessels. For all purposes where it is 
important that the volume of a vessel shaE not change appreciably 
with the temperature, as with graduated vessels and also pyknometers 
and other pieces of apparatus for studying the expansion of liquids, 
fused silica is the material used. 

(c) The sealing of metal mires through glass. Formerly platinum, 
which has a cx.E. approximately the same as that of glass, was 
used for sealed-in conductors in appliances such as discharge tubes. 
Various le^ expensive methods are nowadays in use, the general 
principle being to use thin tubes of soft metal which can yield under 
the stresses set up, rather than to avoid the stress altogether. With 
ftised d3ica several methods were tried ; plugs of invar steel ground 
into tapered seatings, molybdenum wire sealed through the material, 
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and, more recently, seals in which' a plug of lead (m'hicli when 
molten wll ** wet ” the fused silica) carries the conductor. 

Expansion in. optical and electrical apparatus. Expansion diffi- 
culties arise in cases where at first one might not expect them. For 
example, the mirrors of refiectmg tetecopes are rery accurate!}" 
fi.gy,red, .but all this .is to no purpo'se if the surface is distorted by 
.expansion of different ;poFti.ons which may be at different tempera- 
tures. Low coefficient of expansion and high thermal conductivity 
are the two properties required, and of course the}" are mi found in 
the same material. Fused .silica has been employed f&r mirrors up 
to 25 inches in diameter ; ' the 200'-inch reflector at Mount Palomar, 
California, has a mirror of P}Tex ’’ glass. 

The electrical constants ■ of inductance colls and condensers- 
depend, among other things, on. their dimensions — and thus change 
with expansion. For example, the inductance of a coil is pro- 
portional to the ratio area of crosa-sedionlUngth, from which It would 
appear that the temperature coefficient should be the same as the 
coefficient of linear' expansion. The capacity of an air condenser 
is proportional to area of plates I separation, and Iicto it is pcBsible 
by constructing the condenser of t^wo different metals to arrange that- 
the increase in area of the plates is balance by the increase in their 
separation. Great ingenuity is required to maintain this compensa- 
tion during change of temperature (as W’eli as at different steadg 
temperatures), as this involves the heat capacity of the different parts. 

In the hot-wire ammeter, the current to be measured (or a knowm 
fraction of it) passes through a wire held under tension. The rate 
of development of heat is proportional to the square of the current, 
and so also is the steady temperature reached and the consequent 
expansion, which is made to operate a pointer moving over a scale. 

EXPANSIONS OF LIQUIDS ' 

The expansion observed when a liquid is heated is always less 
than the true expansion of the liquid itself, as the capacity of the 
containing v^sel also increases. We must thus distinguish' between 
the real coefficient of expansion, w’hich' is the true increase in volume 
of unit volume for unit temperature rim, and the agpaxent coeffident 
d expansion, which is the observed imream in mlufm of unit mlntm 
for unitMmperature rise, mmmred in mn a^miUe mmd ilm 
mm of which is dur^rded. 
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In all experiments winch are ■conducted over a considerable range, 
of temperature, the mean coefficient ' of expansion, between tlie 
initial and final temperatures -is found ; likewise, this is the Taliie 
required in calculations of .any practical, use. As „ many liquids 
expand irregularly, the value of the mean coefficient of expansion, 
depends on the range of temperature concerned, which shoiiid be 
specified. We may need to distinguish between the zero eoefficieat, 
in which the expansion is reckoned as d, fraction of the mlmne at 
0*^ C., and the coefficient reckoned as a fraction of the volume at ike 
low temperature. 

If be the volume at 0® C., that at f C., and ccq the zero 
coefficient, 

F,-Fo(l+ao0; 

while if Fx and be the volumes at q® C. and 0., and the 
mean coefficient between these tw^'o temperatures, 

We shall find it convenient, to save space, to use as a general rule 
the equation F = Fo{l where Vq stands for the original 
volume at the low’’ temperature, which may sometimes be 0® C., F the 
volume at the high temperature, t the rise in temperature, and a the 
mean.coefficient of expansion between the temperatures concerned. 

Approximate relation between real and apparent coefficient. Let a 
be the real coefficient, a the apparent coefficient, and g the co- 
efficient of cubical expansion of the material of the vessel (usually 
glass), the hollow space inside w^hich expands as if it w’ere solid glass. 
Consider a small flask of volume exactly 1 c.c., which is full to the 
top with the liquid at the cold temperature. Let it be heated 
through exactly one degree. Then, if the vessel did not expand, 
the volume expelled wwid be a c.c. But, for 1® rise, the vessel 
expands g c.c., and this space must be filled before any overflow 
occurs. The observed overflow is then not a c.c., but (a - g) c.c. 

That is, a—oi-g, 

or, 

This result is not strictly correct, though it may be hard to see 
any flaw in the argument at first sight. Its detection is left to the 
ingenuity of the student, who should compare the result with that 
on p. 106. It is, however, true enough for all practical purposes. 
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Change in density with rise in temperature. ; ..Whaterer liappeiis 
to tile containmg wessel, one change ■■ can he coHnected riefinitely 
with the real crnfficmit of. ''expansion^- and' .that is the chame hi 
density of the liquid. This is a 'most iin.'p 0 rtant, pointy and it siioiilcj 
be carefiiliy noted now. 

Co,!i.sider a fixed mass M of iiqnidj ocenpying a volume Fg at the 
cold tem.peratu.re, and F at a te.mperatiire f .higher. 

Let po de.nsity at the' cold ■temperature', p that a..t the high 

temperature. Let a be the mean va-iue Of th.e real coefficient of 
expa.nsioii between the temperatures concerned. 

'. 'Xow, , and. F = F 0 (l+a^) ; 

M 'If. ■ 1 

but . Po =-Y^"', 

^0 



COEFFICIENTS OF EXP.ANSION OF LIQUIDS 


Liquid. 

a (per G. deg.) 

Ethyl alcohol - ■ - 

0-0011 

Ajiiline - . - - i 

0-00085 

Benzene' - -. -. 

0*00124 

Glycerine 

0*00053 

Mercury •' . .- ■ - ' 

0*00018 

Paraffin oil - 

0*0009 

Pentane . - • 

0*00159 

Toluene 

0*00109 

Turpentine - - • i 

0*00094 


(The above figures, from Kaye and Laby’s Tables ”, give the 
mean values for a range round 18® C.) 

Methods of measmiiig the coefficient of expaaision of a liquid. The 
value of the coefficient of expansion is comparatively large when 
compared with the coefficient of cubical expansion of a solid— as 
high as about 0 * 00 ! for liquids such as alcohol and paraffin. It 
snould, therefore, be possible to measure a roughly for such a liquid 
by the simplest of methods — say by taking about 40 c.c. in a burette 
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at room, temperatiiie, and heating this m a . water' jacket through 
about when the expansion of 40 x 50 x O-OOl =2 c.c. could be 
measured with an accuracy of 5 per cent, by reading the burette 
tube itself. With a bulb of known volume connected to a fine 
graduated tube, this could be transformed into a refined method, 
but the student’s chief criticism then would be that the bulb and 
tube must be calibrated, an operation taking as much care and 
trouble as a whole determination by any other method. It is, 
however, valuable when a continuous range of readings have to be 
taken, as, for example, in studying the variation of density of water 
with the temperature. A vessel made for this purpose is called 
a dilatometer. 

Fig. 43 shows a type of dilatometer designed for 
very accurate work. Its great advantage over the 
weight thermometer” or specific gravity bottle” 
method described below is that errors due to evapora- 
tion of the liquid are avoided. 

Apart from the dilatometer, the most important 
methods of determining the mean coefficient of ex- 
pansion of a liquid over appreciable temperature 
ranges all compare the density (true or apparent) of 
hot liquid with that of coU liquid. They are based on 
the three stock methods of finding specific gravities 
(that is, comparing densities) used in hydrostatics. 
These are : 

1. The specific-gravity bottle method. 

2. The sinker method, which depends on Archi- 
medes’ Principle. 

3. The balancing-column method, in which the 
vertical heights of two columns exerting equal 
pressures are compared. 

Specific gravity bottle method. The specific gravity bottle is 
the simpi^t and most familiar of the small closed vessels which 
enable a definite volume of liquid to be taken. Other such vessels, 
the pyknometer (Fig. 44) which has two fine capillary tubes CA and 
FB with a reference mark to which it may be very accurately 
and readily filled, and the weight thermometer (originally so named 
because when heated the rise in temperature could be estimated 
by weighing the overflow), a vessel with a single narrow capillary 




Pig. 43. 


Dilatometer, 
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oeck which', is, difficult; ,to fiH and exasperating to empty againi are 
often, used .for this, experiment ; but the exact type of vessel k of 
minor importance, provided' it has a narrow outlet unless it 

is desired,. to weigh the overflow directly,' when the weight thermo* 
m.eter wotiM be preferable. 



A clean dry specific gravity bottle is weighed. It is then filled 
with liquid at the air temperature, which is observed, and then the 
bottle is weighed again. It is then placed in a water bath, and 
heated slowly to a suitable high temperature {glycerine, paraffin, 
and mercury can of cotirse be heated safely to 100® C. ; but with 
alcohol it is unwise to heat much above about 55° C.). The bottle 
is left at this steady temperature for about ten minutes, and the 
temperature of the bath is recorded. The bottle is then removed, 
dried, and weighed again. From the^ readings the mass of liquid 
expelled, the mass left in at the end, and the rise in temperature are 
found. The formula for the mean value of the apparent coefficient 
of expansion of the liquid between the initial and final temperatures 
is then 

mms expeUed 

mam Up in x iempera^re rim 

Let a be the real coefficient of expansion, a the apparent co- 
efficient of expansion, and g the coefficient of cubical expansion of 
the glass of the vessel. Let be the mass of liquid filling the Iwttle 
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at the low temperature, m the mass filling it at the high temperature, 
and pq and p the densities of the liquid at theuold. and hot tempera- , 
tures respectlTely. ' Let Fq and V be the volumes of the vessel at 
these two ' temperatures. - Let j? degrees be the rise in temperature. 

Now, since density -mass /volume, 

mass = volume X density . 

Then, for the cold temperature ^^'^-o-FoPo, 
while, for the expansion of the vessel, F = Fo(l 4 
and for the density change of the liquid, in terms of the real 
coefficient of expansion, 

■ p=^. • ' 

^ l+at 

At the high temperature, m^Vp, 

Substituting for V and p, 

Po _ir.0-+r) 


m = Vo(l+gi)- 
mo(l+gt) 


(l+oci) 


'(l+a«)’ 


or, asmo^PoPo, ^ 

Cross-multiplying and simplifying, 

m + m^i, 

mft-m mo 

mt m ^ 

This expression is for the real coefficient ; we require the apparent 
coefficient. But, if the expansion of the vessel is disregarded, this 
simply means we must put ^=0, when it is necessary to write a 
instead of a. 


Whence, in words, 

mass expelled 

rmss left in x temperature rise * 
Substituting for a, in the original equation for a, 


mo 

m 


whence a h not exactly equal to a + as was stated (for an approxi- 
mation) on p. 102. 

The error in using the formula a—ai-g^ though appreciable, is 
rarely large enough to be important, though it increases for large 
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temperature rises and lienee ■■.'inaj haTe- to be eoriiiueii-rt. if the 
value of i is large. If a-==0'CM‘)10j and ^ then, for a 

rise of 100®^ 

^=M, ?22sr = 0-00002T5. 

m . ■ m 

So while , a v^; ™0*CK)I0233y 

o f' . , .. f a difference of about 0*25 

o 4-^^==0*C)010275| ■ per cent. 

Sinker method. A liollow sealed' glass sinker is loaded with 
merciir}^ so that it Just sinks in the .cold liquid,, and is suspended from 
a fine wire attached to the pan support of a balance. The base of 
the balance and the top of the supporting table are bored to allow 
the wire to pass freely through., A ■large vessel of the liquid of 
which the coeiScient of .expansion .is required is heated by an 
electric immersion heater, w^hichailso serves as a sti,r.rer (Fig. 45). 

The sinker is w'eighed in air and in the. liquid at tlie low tempera- 
ture, tvMch is observed. The liquid is heated up and well stirred, 
the' steady temperature noted, and the sinker is weighed again. 
The upthrust on the sinker .('weight in air minus ■weight in liquid) 
is., calculated in eacli ease. Fro-m Archlm.edes’ Principle, the up* 
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thrust on the sinker equals the weight of the mass of liquid dis- 
placed. The calculation then foBows the same hues as that for 
the specific gravity bottle method, the only difference being that 
the mass displaced by the glass sheB of the sinker is found, instead of 
the mass contained by the glass sheB of the bottle. 

Let the temperature rise be t centigrade degrees. Let be 
the upthrust in cold liqmd, V that in the liquid at the high tempera- 
ture, Vq and F, po volumes of the sinker and densitiei 

of the liquid at the two temperatures, and let a, a, and g be the 
mean values of the real coefficient of the liquid, the apparent 
coefficient of the liquid, and the coefficient of cubical expansion of 
glass over the range of temperature of the experiment. 

The mass of liquid displaced at the cold temperature is FoPo? so 
?7o = FoP0, 

For the expansion of the sinker, F = Fo(i -rgt), and for the change 
in density of the liquid, in terms of the real coefficient, 




Po ^ 

1 4* 


The mass of liquid displaced at the high temperature is Fp, so 
J7 = Fp. 

Substituting for F and p, 

and^ by cross-multiplying and simplifying, 

U^-V Uo 

As in the previous experiment, if the expansion of the sinker is 
disregarded and we write g=0, then a must be WTitten for a ; wffience 




Ui * 


Substituting this value of a in the formula for a, we find 

U, 

oc-a+~g. 

One advantage of this method is that a continuous set of readings 
is obtainable in the course of one experiment, so that the mean 
values of a between, say, 20*^0. and 30° C., 30° G. and 40° C., 
40° C. and 50° C., can be found. 


BALANCING COLOIN METHOD ICO 

Careful stirring of the bath before each weighing is necessary,, 
and the accuracy of the experiment can be increased by setting a 
weight which is a Bttle too heavy on the balance pan, and allowing 
the liquid to cool a little and noting' the 'temperature at which the 
balance is exactly counterpoised ; .that is> i&nding the iemperatun 
for a given .weigM, rather than th£ . weigM for a given- temperature. 
This, is.be'canse weighing .is a' rather .lengthy operation, and the 
' tem'peratnre will in., any event .fall slightly while it is being done — 
in fact, a conscientious .student with a sensitive balance usually 
finds that he cannot obtain a satisfactory sighing to the nearest 
milligram as the cooling keej^- np Bith his adjustment of the rider. 

Balancing column method. The pressure due to a oolumn of 
liquid depends on three things only. ■ These are, ike mrikal heigM 
of the column j the. densitg of the liquid bxiH the aocehrcdion of gravity, 
the formula being p ^hpg dynes per sq. cm., or p -hp gm. wt. per 
sq. cm. It is not affected at .aH by the area, length, size, or shap<» 
of the containing vessel, and so change of the dimensions of the vessel 
likewise cannot affect it. Hence, by balancing the pressure due 
to two columns of the same liquid at different temperatures, we 
have a means of comparing their true densities directly, and so 
determining the real coefficient of expansion directly. The experi- 
ment was first performed by Diilong and Petit. A simple demon- 
stration model of their apparatus will be described, some of 
its defects noted, and then one of the accurate experiments on 
the same lines performed by Eegnauit will be discu^ed. 

The simple apparatus consists of a large U-tube, about 100 cm. 
high, with the limbs about 60 cm. apart, made of glass tubing about 
S mm. in diameter. The U-tube is open to the air on both sides, 
and one limb is surrounded by a jacket through which steam from 
a boiler can be passed (Fig. 46). 

Steam is passed through the jacket until the levels in both limbs 
are steady. No cold measurements are made, and nothing is 
done untfi this st^dy state of affairs is reached. It is seen that 
the level B of the liquid in the hot limb is appreciably high® than C, 
the level in the odd limb. Thare is considerable uncertainty m to 
the exact length of the heated portion, but we .dial assume that only 
the Iquid actuaiy inside the jacket is heated to steam temperature, 
and that all the nwt of the Bquid la at the temperature of the 
ffurrounding air. 
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Imagine .a liorizontaL; line 
~m ^ to . .be ;drawii at the level 

. ^ of the. lower cork ill the steam 

; i„ , ■ ■ Cs a .jacket. Below this level, equal 

I ' ‘ ^ vertical heights of cold liquid 

^ liquids exerting i , balance one another ui the 
I ^ equal pressures ' | Mmbs. The columiis AB 

1 n liquid and A'O of Qold 

{ ' liquid then exert equal, pres- 

I [ sures and balance one another. 

' J The vertical heights ^ and 

gp - - yJ^ - of 45 and A^O are obtained 

^ by measuring the vertical 

^ - — Z— > heights of A, B, and (7 above 

Fig. 46. — ^IBalancing column method. horizontal bench. The air 

temperature and the tempera- 
ture inside the steam jacket are recorded, and the temperature 
difference ^ is found. 

Then, if be the density of the cold liquid and p that of the hot 
liquid, as pressure = vertical height x density, in gm. wt. per sq. cm., 
and the two columns exert equal pressures, 


Fig. 46. — ^IBalancing column method. 


hp = TiqPq or 


Po 

1 4" otif 


£5 = 1 +ai. 




Note again that this gives the real coefficient of expansion directly. 
There are two chief criticisms of this very simple apparatus. 
There is much uncertainty as to the actual heated length. Also, 
{h - Aq) appears in the formula for the calculation, and the percentage 
error in this may be much larger than would at first be expected. 

-*It should not be necessary to point out here that, although lengths are 
being measured, and the formula written down here appears similar to that 
on p. 81, we are not finding the coefficient of linear expansion of a liquid. 
But .this confusion is not uncommon, with respect to this experiment, and 
also in correcting the barometer for the expansion of the mercury (p. 115), 
and the student is advised to make sure that he understands the whole of this 
argument — ^not merely the last step. 


EEGNAULT’S ' METHOD^ 


III 


For exaiBple, .with merciiry a =0*00018 ; .if, ^^ = 50 cm. and .t=80 
centigrade;, degrees, {h -Aq) =0*72 cm. Now, bot'h A require 

tico measurements,,, each of which may be in error by 0*05 nm., so 
the maximtim error in h arid individually is 0*1 cm., a mere 
0*2 per cent, of the individual lengths. As the errors may conspire 
to make li too big and too small, the maximum error in the 
difference iji -hg) is 0*2 cm. This is 20 parts in 72, or 28 per cent. 

■ — a large error. For accuracy, then, the first requisite is that every 
part of the apparatus shall be at an accurately known temperature ; 
the second is that the difference in levels shall be determined 
directly by some precision measuring apparatus such as a 
cathetometer. In addition, it is desirable that the upper surfaces 
should be at the same temperature, to eliminate surface tension 
errors. 

The determination of the real coefficient of expansion of mercury 
is a matter of great importance. If we know accurately the value 
of a for any one liquid, we can, by observing the value of (t for this 
liquid in a given vessel, find the value of g for the vessel directly. 
This is far more satisfactory, especially in the case of glass, than 
taking the c.c.e. to he 3 times the c.l.e. Henceforward this vessel 
may be used to find a for other liquids by measuring their apparent 
coefficients by it. Also, mercury is the liquid commonly employed 
in pressure gauges and barometers, and accurate pressure measure- 
ments by these means are only possible if the density of mercury 
at different temperatures is accurately known. An exhaustive 
series of experiments on mercury was carried out by Regnault, of 
which only one will be described. 

In RegnaulFs apparatus (Fig. 47), the two hmbs of the U-tube 
were connected at the top to vertical tubes A and By by means of 
fairly narrow cross-tubes. The tubes A and B themselves were both 
contained in the same water jacket at a known temperature. The 
lower ends of the tubes were connected by a narrow flexible iron 
tube. The hot Hmb was maintained in a bath of heated oil, and 
the cold limb in a water jacket at temperature 0., which w’-e will 
suppose to be 0"^ 0. ; the only part of the apparatus about which 
there could be any temperature unce tainty was the lower cross- 
tube. Referring to Fig. 47, and are the heights of the mercury 
in the adjacent upper tubes on the hot and cold sides respectively, 
at temperatures % (density of mercury pi ) ; H is the length main- 
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iained at temperature t (density 
p ) ; the length in the cold 
bath at temperature (density 
po) ; and the small vertical 
difference in levels between C 
and Z>, at the surrounding 
temperature (density 
Then, if a be the real coefficient 
of expansion, equating pres- 
sures at the level D, in gm. 
wt. per sq. cm., 

Pi ^0 Po + ^2 Pi ^3P2* 

Substituting p^ 


Fig. 47. — Regnault’s apparatus for real 
coefficient of expansion of mercury. 


1 1 4* oc^ 1 -|~od52 

whence a is calculated. The difference is measured directly; 

and the only term involving the uncertain temperature ig 
involves the very small difference in levels and is thus 
small* 

Expansion of water. Water at 0® C. when heated contracts as 
the temperature rises, the volume of a given mass being least at 
about 4*C. (the density then being greatest), above which point 
rise in temperature causes expansion. The exact temperature of 
maximum density, at a pressure of one atmosphere, is given as 
3*98® C. An accurate kaowledge of this temperature is important, 
since the litre is defined as the volume occupied by one kilogram of 
pure, air-free water at the temperature of maximum density and 
760 mm, pressure. The litre (found experimentally to be 1000-028 
c.c.) is the generally accepted practical unit of volume. 

Hope’s experiment (Fig. 48) is one of the classic demonstrations ; 
it is simple, and shows the existence of the maximum density 
temperature in a striking manner. A tall glass vessel full of water 
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has.' a .freezing: hath . of ice and 
salt halfway, Tip, whEe sensitive 
thermometers A[ and B are fitted 
at the top and bottom. The 
readings of the two thermo- 
meters are noted at air tem- 
perature before the freezing 
mixture is applied. At first, 
the water in the neighbourhood 
of the freezing mixture is cooled, 
becomes denser than the water 
below, sinks to the bottom, and 
so the temperature read by the 
lower thermometer falls until it 
reaches about 4° C., the reading 48.-Hope’s experiment, 

of the upper thermometer meanwhile being little affected. The 
lower thermometer then remains at 4® C., while the upper one fails, 
at first gradually, then rapidly, to 0® C. If the readings of the 
two thermometers are taken at regular intervals, and a temperature- 
time graph plotted for each (Fig. 49), the point at which the two 
curves intersect gives the maximum-density temperature. 

There are really three stages to the experiment; at first, con- 
vection takes the cooled liquid down to the bottom and continue 
until all the water below the freezing belt is at 4® C. ; then the 
w^ater above the belt cools by conduction to 4® C* ; after this, the 
cooler water is the less dense, and so the upper part of the vessel is 
brought rapidly by convection to the freezing point. 
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Tig. 50. — ^Temperature of maxi- 
mum density from dilatometer 
readings. 


An experiment performed by Despretsus an excellent example o£ 
the use of a graph to save unnecessary computation. A dilatometer 
was used to observe the change in apparent volume with tempera- 
ture, and a graph ABC of apparent volume against temperature was 
drawn (Fig. 50). From the coefficient of expansion of the glass, 

the change in volume of the vessel 
was calculated, and plotted as the 
line OI>. Now, the vertical height 
of any point of the curve above the 
line OD gives the true volume of the 
water ; this vertical height is least 
at the point B where the tWfent to 
the curve is parallel to ’OD ; so this 
tangent is drawn, and the tempera- 
ture corresponding to this point on 
the curve is the temperature of mini- 
mum volume and hence maximum 
density (shown where BD cuts. OX). 

Joule and Playfair found the temperature of maximum density 
accurately in the following way. If a" graph of density against 
temperature is drawm in the neighbourhood of the maximum, the 
rate at which the slope changes is practically constant, so the 
curvature is nearly constant ; hence, over a very small region 
in the neighbourhood of the maximum, the curve can be thought 
of as an arc of a circle, with the important consequence that the 
curve is symmetrical about the maximum point for this small range, as 
drawn in Fig. 51. Hence, if two temperatures and are found, 
one slightly below and the 
other slightly above the 
temperature of maximum 
density, at wffiich the density 
is the same, then the tem- 
perature of maximum den- 
sity is (to a high degree 
of approximation if the 
difierence between the two 
temperatures is small) mid- 
way between these tem- 
peratures. 



Fig. 51. 


MAXIMUM DENSITY OF- .WATER 
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Two long columns of water, a, a, were con- 
nected by a horizontal tube h at the bottom 
and a horizontal cross-channel c-. at.'. the, top 
as is indicated in .Fig* 52. A' '".small .' glass 
float was placed in the trough. One column 
was slightly below 4° 0., the other was warmed 
slightly above 4^ 0 ., and the temperatures of 
the two columns at which the float was very 
nearly stationary (showing no convection 
currents, and hence equal density) were 
observed. The difference in temperature 
between the two columns was of the order 
C, The temperature of maximum den- 
sity was determined as 3*95® C. ; this is 
slightly below the present accepted tempera- 
ture, 3*98® 0. 

Fig, 53 shows the way in which the density 
of water varies with the temperature between 0° C. and 10® C. 




Fig. 52. — Joule and 
Playfair’s experirnentr, 



Fig. 53. — ariation of density of water with temperature. 


The barometer correction. Several units are> used for expressing 
pressure measurements; dynes , per square* centimetre and bars 
(1 bar = 10® dynes per square centimetre) are the absolute units, 
but the most usual uioits are centimetres or millimetres of mercury, 
a pressure of 200 mm. mercury (or sometimes just "" a pressure 
of 200 mm.'') denoting that the pressure described will just support 
a vertical column of mercury 200 mm. high. Now, the vertical 
height is only one of the three factors on which the absolute pressure 
of a liquid column depends, the others being the density of the 
liquid and the value of the acceleration of gravity. If the unit 
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■^one ceBtimetre of mercury ’’ is to meaii anything precise, we must 
specify the density (or tempera^tuxe) of the mercury, and the value 
of the acceleration of gravity ; and the standard igures are the 
density at 0® C. (13*5951 gm./c.c.), and the value g=980*665 
cm./sec./sec. If the height of the barometer is measured in the 
ordinary way, a correction must be made for the temperature 
(finding the equivalent height of mercury at C.) and also for the 
local value of g, which depends on the latitude and the height above 
sea-level. The second correction is usually done once and for all 
for the place where the barometer is to be used ; formulae for the 
calculation of g at any latitude and altitude are given in Kaye and 
Laby's Tables. We shall concern ourselves only with the tempera- 
ture correction. 

The first step is to correct for the expansion of the scale, which 
has been graduated at one temperature, and is only accurate at 
that temperature. Suppose the scale is correct at 0® C. Let H 
be the observed height as read from the scale at f C., A the co- 
effilcient of linear expansion of the material of the scale, and h the 
true height of the mercury. Now H cm. of scale at 0® C. expand 
to h cm. at f C., though as the graduations are still there we read 
this height which is really jff(l4*A0 still as H. The true height 
of the column is thus A=J?(1 + A^). (Note this carefully : there 
is a tendency to think at first that because we are making a correc- 
tion starting at f C. and ending at 0® C., the true reading should be 
lower than the observed reading ; but the problem is to find the 
length at f C. of the piece of scale which measured H cm. at C., 
and the true reading is obviously greater than the observed reading.) 
Next, to correct for the change in density of the mercury. Let 
be the height of the column of mercury at 0® C. which balances 
the height h of mercury at f C. Let and p be the densities at 
0® C. and f C., and a the real coefficient of expansion of mercury. 

h^pQ^hpy /. = A~* 

Po 

P ^ ^ * • % ,, ^ 

1 + 0 ^* “ ® li-cd 

Substituting for h, we get \ , 


Then 

But 


- , 'APPLICATIONS; OF THE EXPANSION OF LIQUIDS ilT: 

or' approximately, neglecting and' Wgiier 
powers of aL 

again approximating by neglecting 

This gives the height of the column of mercury at 0° C. which 
exerts the same pressure as the column measured as H at f C., so 
is the required “ corrected height 

Note that a is the real coefficient of cubical expansion of the 
mercury, and A is the coefficient of linear expansion of the material 
of the scale. 

Applications of the expansion of liquids. The decrease in density 
vith temperature rise is responsible for the transference of heat 
by convection, and such applications as central heating systems 
are well knowm. The iiquid-in-glass thermometer has been 
described earlier. The liquid thermostat is really simply a modified 
thermometer. Fig. 54 shows a thermostat designed to regulate 
the supply of gas to the burner heating the bath in which the spiral 
bulb stands ; the spiral contains toluene, 
the expansion of which pushes up mer- 
cury in the vertical tube, shutting off the 
gas supply when the temperature is too 
high. This occurs at a temperature 
determined by the amount of liquid in 
the bulb and tube originally. The tap 
at the right is a by-pass to prevent 
complete extinction of the flame. A 
similar arrangement is used to make and 
break the current in electrically heated 
baths. 

The freezing of ponds from the surface 
downwards depends on two facts. First, 
the water is densest at about 4*^ C. ; 
secondly, heat is abstracted from the top 
only. If we imagine the air above the 
pond to be at, say - 10° C., convection 
will be maintained normally until the 
whole of the water in the pond is at Re. 54.-Liquid thermostat. 

4° C. ; next, below this temperature, the Messrs. im. 




118 


A TEXT-BOOK OP HEAT 

coolest liquid stays at the top, and a thin layer of ice forms* 
The eventual thickness of the coating of ice is determined by the 
rate at which heat is lost through the coating of ice by conduction 
and the length of time for which this operates (see p. 344). It is 
often stated that the rest of the water in the pond is at 4® G."’ ; 
this is, of course, true at the start of the freezing, hut it ignores 
the fact that water, though a bad conductor, does transfer heat by 
conduction. The whole of the pond must eventually reach 0° C. 
by conduction, if the initial state of affairs persists long enough. 
Anyone v/ho really believes that ice can only form at the top of a 
mass of water has only to leave a bucket of water out of doors on 
any frosty night ; he will find the ice coating on the top und sides of 
the vessel! 


QUESTIONS ON CHAPTER III 

1. Describe briefly a method of measuring accurately the coefficient 
of expansion of a solid (in the form of a rod). 

A steel tape-measure is correct at 12® C. If it is used to measure a 
distance of 1,000 ft. when the temperature is 2® C., what error will b© 
made? (Coeff. of linear expansion 0*000012 per °C.) (O. & G.) 

2. Describe a method of measuring the coefficient of linear expansion 
of a substance. 

Show that the coefficient of cubical expansion of a homogeneous 
substance is three times its coefficient of linear expansion. (O. & C.) 

3. Describe an accurate method for determining the coefficient of 
thermal expansion of a solid in the form of a rod. 

The pendulum of a clock is made of brass, whose coefficient of linear 
expansion is 1*9 x lO*"® per degree C. If the clock keeps correct time 
at 15® C., how many seconds per day will it lose at 20® C. ? (O. & C.) 

4. A steel wire 8 metres long and 4 mm. in diameter is fixed to two 
rigid supports. Calculate the increase in tension when the temperature 
falls 10® C- (Linear coefficient of expansion of steel 12 x 10“*^ per 

degree centigrade. Young’s 
Modulus for steel 2 x 10’^ dynes 
per sq. cm.) (0. & C.) 

5. Define Young’s Modulus 
for the material of a wire. 

The diagram shows an iron 
wire AB stretched inside a rigid 
brass framework and rigidly 
attached to it at both ends, 
A and B, The length of AB at 
0® C. is 300 cm. and the diameter 


Brass 
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, :of tlie wire is 0*6 mm/ .Wlmt^ extra ' tension ' will be .. set, up in the 
stretc'lied wire when, the temperattire of the' system is raised to 40“’ €.? 

(Take the ' coefficient of linear' expans'ion of iron as,. 0*000012 per 
deg. 0.,; the coeffi,cient of linear 'expansion of brass, 'as, 0*000'018, 'per 
deg. C. ; Young’s Mod'iiliis for iron, as 2*1 x. lO^^ denies per .sq. cm.) 

(L.) 

,, 6. . What is meant by the statement that the coeffi'cient of linear 
expansion of iron is 0*000012 per degree C. ?. .How would you show 
experimentally that for brass this quantity is about 0*000018 per 
degree C.? 

if a strip of iron and a strip of brass are welded together to form a 
straight bi-metal strip at room temperature, what would happen if 
the strip were (a) raised to a high temperature, (b) lowered to a tempera- 
ture below 0® C. ? , 

Describe one application of the bi-metal strip in a device in common 
use. (L.) 

7. Describe how you would determine accurately the absolute 
coefficient of thermal expansion of mercury. Why is a knowledge of 
this quantity important? 

Benzene has a density of 0*90 gm./c.c. at 0° C. and a coefficient of 
cubical expansion of 0*0012/^0. Consequently wooden balls (density 
0*88 gm./c.c.) float in it at 0° C. If the wood has a coefficient of 
expansion of 4 x lO^^/^C. along the grain and 4x 10""®/X^ across the 
grain, calculate at what temperature the balls will just sink. (B.) 

8. Describe and explain a method of determining directly the 
coefficient of real expansion of mercury. 

A mercury thermometer is to be made with glass tubing of internal 
bore 0*5 mm. diameter and the distance between the fixed points is 
to be 20 cm. Estimate the internal volume of the bulb and stem below 
the lower fixed point. The coefficient of expansion of mercury is 
0-000180 and the coefficient of linear expansion of glass is 0*000009, 
both in centigrade units. (J.M.B.) 

9. Describe in detail one method of determining the mean coefficient 

of absolute expansion of mercury between 0® and 100"^ C. Give the 
theory of the method. (C.) 

10. Describe, in detail, a balancing column method of determining 
the mean coefficient of absolute expansion of a liquid, giving the theory 
of your method and pointing out the experimental difficulties. 

If the value of the coefficient for mercury is 0*00018 per degree C., 
obtain a value for the difference of level of the hot and cold columns in 
the apparatus you describe, making any reasonable assumptions for the 
dimensions of your apparatus. (0.) 

IL Distinguish between the real and the apparent coefficient of 
thermal expansion of a liquid. 

Describe the method by which you could determine the real 
coefficient of expansion of turpentine. 

On a centigrade thermometer the distance between the readings 
O' C. and 100*^ C. is 30 c:n., and the area of cross-section of the narrow 
tube containing the mercury is O-OOld sq. cm. Find the total volume 
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of mercury in the thermometer at 0® C. Coefficient of limat expansion 
of glass is 0*000009, and the real coefficient of citJbical expansion of 
mercury is 0-00018. (Scot. Leav. Cert.) 

12. Distinguish between the coefficients of real and of apparent 
expansion of a liquid. 

Deduce an expression relating the density of a liquid, at diSerenfc 
temperatures, with a coefficient of expansion. 

A glass bottle, volume 50 c.c. at 0® C., is filled with paraffin at 15® C. 
What is the mass of the paraffin? The density of paraffin at 0° C. is 
0*82 gm. per c.c., the coefficient of real expansion of paraffin for the 
range 0® to 15® C. is 0-0009 and the coefficient of linear expansion of 
glass is 0*000009, both per deg. C. (J.M.B.) 

13. Describe a direct method of measuring the absolute coefficient 
of expansion of a liquid. 

Show that the absolute coefficient of expansion of a liquid is very 
nearly equal to the sum of the apparent coefficient of expansion of the 
liquid and the coefficient of cubical expansion of the material of the 
containing vessel. (O. & C.) 

14. A sinker of weight Wo has an apparent weight when weighed 

in a liquid at a temperature ti and Wg when weighed in the same liquid 
at a temperature ^ 2 * The coefficient of cubical expansion of the material 
of the sinker is What is that of the liquid ? (O. & C.) 

15. Describe, giving the theory, a method of determining the co- 
efficient of real expansion of a liquid, if a solid which has a known 
coefficient of expansion and will smk in the liquid is provided. 

A loaded glass bulb weighs 156*25 gm. in air, 57*50 gm. when immersed 
in a liquid at 15® C., and 58*57 gm. when immersed at 52® C. Calculate 
the mean coefficient of real expansion of the liquid between 15® and 
52® C. (Coefficient of linear expansion of glass = 0*000009 per deg. C.) 

(C.W.B.) 

16. Describe a method for determining directly the absolute co- 
efficient of expansion of a liquid. 

A compensated pendulum consists of an iron rod, of negligible mass, 
to which, at a distance of one metre from the knife edge, is fastened a 
hollow iron cylinder of length 16 cm., internal diameter 5 cm., and mass 
800 grams. This cylinder contains 3,200 grams of mercury. Find 
the change in distance of the centre of mass of the pendulum from 
the knife edge for a 1® G. rise in temperature. (Coefficient of linear 
expansion of iron = 10“® per degree centigrade, coefficient of volume 
expansion of mercury = 2 x 10“* per degree centigrade, and the density 
of mercury = 13*6 grams per c.c.) (O. & C.) 

17. A thread of liquid, whose coefficient of real expansion is a per 
deg. C., occupies a length of 2o cm. in a capillary tube when the tempera- 
ture is 0° C. What is the true length of the thread, at C. (a) if the 
expansion of the tube is negligible, (5) if the coefficient of linear expan- 
sion of the material of the tube is A per deg. C. ? 

What, in case (6), is the apparent length of the thread at i® C. if it 
is read from a scale etched on the tube and correct at 0® C, ? 

; ? part question,) 
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18. Describe a method of measuriag the coefficient of apparent 

expansion ,' of "a. liquid., ■ 

A glass buib contains air and mercnry, Wbat fraction of the bulb 
must be occupied by mercury if the volume of the air in the bulb is 
to remain constant when the temperature changes ? The coefficient 
of linear expansion of glass may be taken as 7*5 x 10™® per °C-; the 
coefficient of expansion of mercury as 1*8 x 10“^ per °C. (O. & C.) 

19. Define the terms “apparent” and “absolute” coefficients of 
expansion of a liquid, and show how the former is found by means of 
a 'weight thermometer. ■ 

A litre flask, which is correctly calibrated at 4® C., is filled to the 
mark with water at 80® C. What is the weight of water in the flask? 
(Coefficient of linear expansion of the glass of the flask, 
mean coefficient of cubical expansion of water 5*0 x 10“"^). (O. & C.) 

20. Explain what is meant by saying that the coefficient of linear 
expansion of brass is 0*000019 per deg. C. 

How would you determine this coefficient over the range 0^-100® C. ? 

The barometric height, as read at 12® G. by a brass scale correct at 
0° C. is 76*d2 cm. What is the actual height of the mercury column 
at 12® a? (J.M.B.) 

21. If I is the coefficient of linear expansion of a solid, explain 
carefully why 31 may be used as the coefficient of cubical expansion. 

The height of a mercury barometer read with a steel scale is 754 
millimetres at 20° C. What will it read at 0® C.? 

(Coefficient of linear expansion of steel 0*000012 per ®C. Coefficient 
of cubical expansion of mercury 0*000182 per °C.) (O. & C.) 

22. Describe an accurate form of barometer. 

When the height of such a barometer has been read, what further 
steps have to be taken in order to obtain an accurate value of the 
pressure in absolute units ? 

Evaluate the correction for the expansion of the mercury and of the 
brass scale for an observed reading of 760*0 mm. at 20® G. The co- 
efficient of expansion of mercury is 0*000181 and the coefficient of linear 
expansion of brass is 0000019* (O.) 

23. How can you show that the density of water does not fall steadily 
as the temperature is raised from 0® 0. to 100® C. ? What does youi 
experiment indicate about the expansion of water? 

What importance has this result in nature? (G.) 


CHAPTER IV 


THE EXPANSION OE GASES AND THE GAS LAWS 

Two points should be clearly understood before proceeding to 
consider the behaviour of gases. The lirst is, that in every case a 
fixed mass of gaseous substance is dealt with ; if this point is 
realised now, later work on saturated and unsaturated vapours 
(when the mass of gaseous substance may or may not be fixed) may 
cause less difficulty. We shall not distinguish here between the 
terms '‘gas” and “ vapour ”, d©f^™ng this until p. 162. The 
second point is, that in all ordinary experiments we are working 
with gases at pressures of the order of one atmosphere and at 
temperatures between C. and 100® C. ; and we must be prepared 
to find that experiments performed over wider ranges of pressure 
and temperature require that the conclusions based upon such 
limited observations be very considerably revised. 

Boyle’s Law. The volume of a fixed mass of gas maintained at 
a constant temperature depends on the pressure to which it is 
subjected, Boyle, in 1660, showed by means of experiments similar 
to that described below, that for a fixed mass of gas at constant 
temperature the product pressure x volume is constant. This is known 
as Boyle's Law. It is not strictly true for any gas except at ex- 
tremely low pressures, when all gases obey it ; but all the common 
gases follow it closely enough under ordinary conditions for the law 
to be applied in elementary calculations. It is thus of much greater 
importance than an extremely accurate result apphcable to only a 
few substances, for it is a law nearly followed by all gases^ and thus 
can be regarded as stating an ideal relationship to which the behaviour 
of actual gases approaches. For many purposes it is convenient to 
picture an imaginary substance which does obey Boyle’s Law under 
all conditions. Such a substance (which is supposed to fulfil at 
least one other ideal condition as well, p. 250) is called an ideal gas, 
or a perfect gas. 

In symbols, if p stand for the pressure, and v for the volume 
occupied by the fixed mass of gas at that pressure. 
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wLere is a constant for that sample of gas at the temperature 
concerned. The actual value of & must be proportional to the mass 
of gas selected, and depends on the temperature and the molecular 
weight of the gas in ways to be discussed later. 

Verification of Boyle’s Law. The usual experiment to test Boyle*s 
Law uses the apparatus sho vn in Fig. 55 . A fixed 
mass of air is trapped by mercury in a 
graduated tube T, which communicates with a 
reservoir R through a length of rubber pressure 
tubing : is held on a sliding stand which allows 

a vertical travel of about a metre. The vertical 
height of the level B above the level A gives the 
'‘head” of mercury h, w^hich is the excess of 
the gas pressure on A above the atmospheric 
pressure H on B, The total pressure of the 
gas is thus {H +Ji) cm. of mercury. If B is 
below A, h negative ; or, the total pressure is 
then obtained by subtracting the numerical value 
of h from H. 

Starting with R as low as possible, and raising it 
by steps of, say, 10 cm. at a time, readings of the 
head h and the volume of enclosed gas v are taken, 
the results being tabulated as below. Compressing 55.— Boyle’s 

^ ® Law apparatus. 

a gas causes an appreciable rise in temperature, so 

it is necessary to allow a little time to elapse between adjusting 

R and taking the readings. 


Headings : 


Barometric pressure E ... cm. mercury. 

Beading 

A 

Beading 

B 

Head h 

Pressure 

Volume 

Product 

pv 



' 

. 

■ ■■ 

.■■■■■ 

.■ 




The figures in the last column should be approximately 
constant. 
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The experiment caa be per- 
formed without reading the bar- 
ometer. For, if h, 

(H -^Ih)D ^:k. 


Thus the relation between the 
head h and I Jv is linear, and if 
the law is true the graph of 
against i/t; should be a straight 
line. Wlien llv -0, h - -H, so 
the intercept on the axis of h 
represents the height of the bar- 
ometer. The graph is as shown 
in Fig. 56. 

Some applications of Boyle’s Law. (a) Bicycle pump (Fig. 57). 
The tyre valve A and the cup washer B on the piston both act as 
valves which allow air to pass only into the tyre (from right to left 
in the figure). On the forward stroke of the piston, B presses 
against the wall of the barrel, and the volume of air in the pump is 
reduced so that the pressure in the barrel increases. When the 
pressure in the barrel suificiently exceeds that in the tyre, air is 
forced through A, and most of the original barrel-full of air enters 
the tyre. 


Fio. .56. — Graph of head against 
l/volume. 


Fig. 67. — ^Bicycle pump. 


Let the volume of the tyre (supposed constant) be F, and the 
volume of the pump barrel be v, so that each stroke of the pump 
introduces into the tyre a mass of air which occupies v at atmospheric 
pressure. Suppose that the initial jn^essure in the tyre is one 
atmcBphere, ard let the final pressure after n strokes be Then, 
at the end of the n strokes, a fixed mass of air which occupied 
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F units of ' voiume at 1 atmosphere pressure occupies F units 
of volume at pressure atmospheres. . So, using Boyle’s Law, 

PnxV ^1 x(V~hnv), 

atmospheres. 

The increase in pressure is thus directly proportional to the number 
of strokes. 

As the pressure in the tyre increases, so does the pressure in the 
pump barrel required to open the valve A, which thus opens at a 
later stage in each successive stroke. A cycle pump is only required 
to produce pressures of (at most) about 2 atmospheres, but if this 
type of pump is used for other purposes there is a limit to the 
pressure obtainable, quite apart from that set by the strength of 
the barrel. Suppose that the space beyond the piston when this is 
thrust fully forward is 1/20 of the whole volume of the barrel, 
the minimum volume to which a pumpful of air can be reduced is 
1/20 of its original volume, and the maximum pressure attainable 
vtill be 20 atmospheres. 

{b) Exhaust pumps. The valves of the simple piston exhaust pump 
are arranged to allow air to pass only outwards from the vessel to 
be evacuated (that is, upwards in Fig. 58). 

Let the volumes of vessel and pump he V and v respectively, and 
let the initial pressure in the vessel be Pq units. Starting with the 
piston at the bottom of its stroke, on the 
volume of the space in the pump increases, 
the pressure decreases, and the valve B is 
opened by the excess pressure of the air 
in the vessel over the now diminished pressure 
in the barrel. At the top of the stroke, V units 
of volume at pressure Pq have become V + v 
units at a lower pressure p^, whence, applying 
Boyle’s Law to this fixed mass of air, 

p^iV-^v)=^p^V, 

Pi units of pressure. 

On the downstroke of the piston, B closes 
at once since the pressure in the barrel immed- 
iately increases, while A opens as soon as the 


first upstroke the 



Eio. 58.' — Triuciple of 
exhaust pump. 
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barrel exceeds that of the atmosphere, after 

pressure m the pump outside On the second 

after two strokes is given by 


V 

Pz-Pl -17 +© 
V 

sF +v. 


/ F \ 


\V+vJ 

\F +v/ 


p3=‘Po 


=Po(- 

( - J-Y units of pressure. 
\V+vJ 


f \ '*^ -I ^ ^X. 4'.l^£h 


strokes the pressure Ps ^ Ps =Po\^ 

/ V -, 


pressure p„ is Pn -fo (p- + 


F +®, 


■) 


and after n strokes the 


■ , \ F -r C7/ 

-Y units of pressure. 

cessauA^./ **" 

The pressure thus decreases by “ compound interest , 

Ihe pressure ^ operatmg for an 

indefinitely long time it would be im- 
possible to reduce the pressure m the 
vessel to zero. Apart from obvious 
mechanical difficulties, such as leakage 
past the valves, the chief factor limitmg 
the vacuum attainable is that the valve 
A can only be opened by superior pres- 
sure from below. If the “ dead space 
above B is, say, one thousandth of the 
total volume of the pump, and the 
““f' pr^ure has been brought dovm to one 
l^hlisted .thousandth of an atmosphere, when the 
' piston next moves down the Iiarrel-full 

of air at 1/1000 atmosphere pressure will 
be compressed to 1/1000 its volume, and 
■will just be at one atmosphere pressure, 

but this will not give the excess required 

to open the valve. Fig. 69 shows a 
modem type of piston P™iP ^ 
this difficulty is overcome. There is no 
“ dead space ” above the piston, as this 



Fia. 59.“~-Moclerri piston 

AvViaiiat -Dump. 
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is covered with a layer of oil which sweeps out the last traces of air 
at the top of each stroke. Direct cornmumcation by a side tube 
with the vessel to be evacuated obviates the need for the lower 
valve R of the simple pump , and it is clear that the air in the vessel 
expands into the vacuum produced in the cylinder by the downward 
motion of the piston, instead of 
having to force open any obstrac- 
tioii. In the figure the piston is 
showm about to start its upward 
stroke. 

Fig. 60 shows the scheme of one 
form of modern rotary pump, in which 
an eccentrically mounted cylinder 
rotates at high speed inside an outer 
case fitted with inlet tube and outlet ptimp, 

valve. A vane fitted to the cylinder, and arranged so that it always 
presses against the w^^all of the casing, draws in air at A and then 

sw'eeps it round to the outlet valve. The 
theory of the action is the same as that of 
the piston pump, and it can be seen that 
for each half revolution the volume v sy^ept 
out is the volume of the space between the 
cylinder and the case, while each rotation 
counts as two strokes 
The Toepler (or Antropoff) pump, while 
employing Boyle’s Law in j ust the same 
way as the simple piston pump, overcomes 
the valve opening difficulty by using a 
mercury surface as a piston. Communica- 
tion between the pump chamber and the 
vessel to be exhausted is broken at R by 
raising the mercury reservoir R (Pig. 61). 
The mercury is then raised until the air in 
V has been swept down a long capillary 
tube A. When R is lowered, a Torricellian 
vacuum is formed in v, as A is longer than 
76 cm., and when the mercury level falls 
past the junction R,t;again‘ communicates 
with the vessel F. Although cumbersome, 
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fatiguing to operate, and requiring large quantities of mercury, this 
pump is widely used where it is required to evacuate small vessels 
and to collect the gas pumped off (which can be done by placing the 
collecting vessel over the end of A). It was used, for example, in 
the classic work of Ramsay and Travers on the separation of the 
rare gases. Various mechanical means of raising and lowering R 
automatically, and restoring mercury from G to B, Iiave been 
devised. 

(c) The McLeod gauge (Fig. 62). This pressure gauge is widely 
used for the measurement of low pressures down to about 1 /lOO mm. 

of mercury. A narrow capillary tube is attached 
to a bulb which communicates at B, through 
a long vertical tube, with the vessel containing 
the gas of which the pressure p is to be measured. 
The volume of the bulb and capillary together, F, 
and the volume v of the capillary down to a fixed 
mark X, are known. 

By raising the mercury reservoir i?, a volume 
F of gas at the unknown pressure p is cut off 
at B and compressed to volume v, when the 
mercury levels stand at X in the capillary and 
Y in the connecting tube. The difference in levels 
h between X and Y is observed. Then the fixed 
mass of gas cut off as a volume F at pressure 
p cm. has been compressed to volume t) at pressure 
p+hom. So, using Boyle’s Law, 



Y-v 


Fig. 62. 
McLeod gauge. 


As p is proportional to a direct-reading scale 
is attached to the side of the connecting tube. 
It is assumed in this calculation that the volume of the apparatus 
containing the gas under measurement is so large that the intrusion 
of the mercury column up the connecting tube causes no appreciable 
increase of the pressure within it. 

The above theory of the McLeod gauge assumes that Boyle’s Law 
is accurately obeyed over a considerable range of pressure ratios, 
a condition more nearly fulfilled at low pressures than at higher 
ones. Travers, in ** The Experimental Study of Gases ” (Macmillan, 
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1901) records the conclusions of Ramsay that the McLeod gauge is 
untrustworthy as , a means of measuring low pressures in the case 
of air and carbon dioxide, and that no two of the gauges tested 
ever gave comparable results with these gases. On the other hand, 
with pure hydrogen it was found that consistent readings were 
obtained down to about 0*0001 nam. pressure, and it was considered 
that the gauge could be relied on for measurements on hydrogen 
and the inert gases. 


EXPANSION OF A GAS AT CONSTANT PRESSURE 

Charles’ Law states that for a fixed mass of gas heated at constant 
pressure, the volume increases by a constant fraction of the volume at 0® C. 
for each centigrade degree rise in temperature. 

The volume coefficient a for any gas is defined as the increase in 
volume of unit volume at 0® C. for each centigrade degree rise in 
temperature, when a fixed mass of that gas is heated at constant 
pressure. 

Let Vq denote the volume occupied by the chosen mass at 0® C., 
and let V be the volume at f C. (Note here that Vq stands speci- 
fically for the volume at 0® C., and not just the original volume at any 
selected initial temperature ; and that t stands for the actual 
temperature f C., and not for any selected temperature rise.) 

Then , 

r qI 

and F = Fo(l+ai). 

In the calculus notation, since (F ~ Fo)/^ is the increase in volume 
for 1® rise, or the rate of increase of volume with temperature, it 

can be written “t- , wmence a = wr • 
dt , Fq dt 

The value of a is approximately equafto for most gases, and 
this is the figure employed in all elementary calculations. 

The apparatus of Fig. 63, a modification of that originally used 
by Regnault, can be used to study the variation of volume with 
temperature for a fixed mass of air enclosed at constant pressure. 

Dry air is enclosed in the bulb B of kuown volume. The Wer 
part of R is a graduated tube to which is connected a branch O open 
to the atmosphere. When the mercury levels X and F, which may 
be adjusted by raising and lowering the reservoir i?, are the same, 
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the pressure of the gas in J5 is the same as 
that of the atmosphere. Both B and C are 
surrounded by a water bath containing an 
electric immersion heater which also serves 
as a stirrer. The temperature of the bath 
is observed by a mercury thermometer. The 
tube Oy which at a casual glance seems 
superfluous, is needed because equality of 
height of two levels such as at X and Y only 
denotes equal pressure if the two columns 
are at the same temperature. 

After the first levelling of X and F, and 
the recording of the volume of the enclosed 
air at the cold temperature, the experiment 
proceeds as follows. Switch on the heater 
until a temperature rise of, say, 20 centi- 
grade degrees is obtained. Switch off, stir 
thoroughly, level X and Y, leave for a short 
time, adjust the levels again if necessary, 
and read the volume of the air and the temperature of the bath. 
Repeat this procedure several times, obtaining five or six sets of 
readings betv''een room temperature and 100® 0. 

The best way of treating the readings is to plot a graph (Fig. 64) 
of volume against temperature. It is found that the points all lie 
on a straight line, showing that equal changes in temperature lead 



Fig, 64. — Graph of volxuno against temperature at constant pressure. 
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Fiq. 63. — Constant*pres- 
sure apparatus. 
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to equal changes in volume at constant pressure^ as Charles’ Law ^ 
states.' V 

By . extrapolating (that is, extending the line beyond the plotted 
points), the volume Fq at 0° G. is found. Extrapolating further, 
by producing the line back until it meets the temperature axis, 
the point at which this axis is cut represents a temperature of 
about -273° C. Now, producing the line back in this way gives 
a complete graph which shows, not what actually does happen, but 
what would happen if the behaviour between the extreme observed 
temperatures were continued at all temperatures. It is known that 
air liquefies under ordinary pressure at about - 190° C., but that 
does not invalidate the use of the extrapolated graph to discuss 
the observations actually taken. 

1 d F 

The volume coefficient a, which is is found at once from 

the graph ; for ® 

dF AO . .. 

dt "BO Vo-^0, 


so 


i_^=JL=_L 

Fo dt ~BO''273' 

The volume V at any temperature C. is represented by CD ; 
and from the similar triangles AOB, CDB, 

OP AO 
BP BO’ 

F V„ 

273 +< 273’ 

whence the volume of a fixed mass of air at constant pressure is 
directly proportional to the absolute temperature, obtained (p. 26) 
by adding 273 to the centigrade temperature. In other symbols, 
writing T for 273 + 1, and Tq for 273, the capital letters standing as 
usual for the temperatures on the scale which starts at absolute zero 
and calls this -273° C., we have : 


I=.Io 

T 


1 dV 


All gases give similar results, with values of y- fairly close 
to ; this was established by Regnault after a series of careful 
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experiments. Hence Charles’ Law can be restated as : 

For a fixed mass of gas heated at constant pressure, the 
volume increases by 1 /273 of the volume at 0° C. for each centigrade 
degree rise in temperature. 

It must be remembered, however, that this generalisation, which 
is used in all ordinary gas calculations, holds only when the constant 
pressure is not greatly above one atmosphere, that the exact value 
of the fraction is not precisely 1/273, and that this figure is not 
€a:ac% the same for all gases. 

In this experiment, the expansion of the glass bulb, which can 
be determined and allowed for, is a little less than 1 per cent, of the 
observed change in volume of the gas. It is important to read the 
barometer at the beginning of the experiment, and also at intervals 
during its progress, to be sure that the atmospheric pressure has 
remained steady. 

Determination of the volume coefficient from two sets of readings 
only. The purpose of the experinient described on p. 130 was to 
find out whether or not the expansion of air at constant pressure 


is uniform; hence several readings were taken. Once we are 
assured that the expansion is uniform, only two sets of volume and 
temperature readings are really required in order to find a. As 
V = Fo(l -^-od) (p. 129), where Fq is the volume at 0^ C,, and F the 
volume at f C., then if this formula is to be used, one of the 
observations must be that of the volume Fq at 0° C. But if the 
measurements made are the volume Fx at C., and the volume Fg 
at C., we have 


1^1 = +a^x) 


= F0(1 H-aig 


1 + 

r+a^t ' 


whence, cross-multiplying and simplifying, 

The **dry flask’' experiment to determine the volume coefficient 
for air. A dry round-bottomed flask of about 300 c.c. capacity, 
fitted with a rubber bung, outlet tube, and clip, is weighed. It is 
then held in a large can of boiling water with the outlet clip open, 
and left in the boiling water for at least 15 minutes, so that the 
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enclosed air shall attain the temperature of the water^ ' which 
for the pxirpose of this experiment may usually be taken as 100*^0. 
The clip is then closed, and the flask removed and submerged, mouth 
doTOwards, in a large deep trough or bucket of cold water at a 
temperature 0. which is observed. The flask diould be held 
entirely below the water for some minutes ; it is then raised until 
the water levels both inside and outside are the same, so that the 
pressure of the enclosed air is atmospheric, as it was during the 
heating, and the clip is closed. The flasic is dried on the outside 
and weighed. Finally, the flask is Ailed completely up to the clip 
with cold water and weighed again. 

Call the weights successively ITx, Tfg, and IFg gm., and suppose 
that 1 c.c. of water weighs 1 gm. The mass of w^ater flliing the 
flask completely is (TFg ~ W-^) gm., and the volume of the fixed mass 
of air which fills the flask at the high temperature C. is (W^ - Ifi) 
c.c. Call this volume Fg. Similarly the volume of the flask not 
occupied by water at the temperature C., which is the volume 
of the same fixed mass of air at C., is (TF3 - TFg) Call this Fj. 
Calculate the values of F^ and V 2 , and find a by substituting in the 

r 1 

lormula a = • 

The chief error in the primiple of this experiment occurs when 
levelling in the trough before closing the clip, for though the total 
pressure inside the flask equals that of the atmosphere, this is made 
up of the pressure due to the enclosed air and the pressure of the 
water vapour with which the space is saturated. The water vapour 
pressure may amount to 15 mm. of mercury, or say 20 cm. of water, 
which is a greater error than could possibly occur if the flask were 
just clipped and removed at random. This error can be reduced 
by using colder water in the trough, when the pressure of the 
saturated water vapour will be lower, and in any case can be 
corrected for properly, as described on p. 191. If the student 
is aiming at an accurate result, the true temperature of boiling 
water should be found by reading the barometer and making the 
appropriate correction, and the expansion of the flask should be 
calculated and allowed for. Th^e remains some uncertainty about 
the actual temperature of the air in the flask when the clip is closed 
after immersion in the trough, since the temperature of the water has 
been recorded, whereas the flask is in the air at that instant ; but 
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if the cold water is only a little below air temperature there should 
be very little error here if the levelling and closing is done quickly. 

This experiment, which is an excellent exercise in manipulation, 
is really not so crude as it appears, since the accuracy of the result 
depends entirely on the trouble taken by the student. It should be 
added that the assumption that 1 c.c. of water weighs 1 gm., even 
if appreciably inaccurate (which it is not) would introduce no error, 
as volumes calculated on this assumption are factors of both 
numerator and denominator of the expression for a. 

PBESSURE INCREASE AT CONSTANT VOLUME 

Consider a fixed mass of gas of volume at temperature C. 
and pressure and suppose it to be heated to some temperature 

C at which the volume is ^F^, the pressure remaining constant 
at Next, let the volume be reduced again to F^ at the high 
temperature, by increasing the pressure to If the gas obeys 
Boyle’s Law, 

Thus the volume can be maintained at Fj when the temperature 
is raised by suitably increasing the pressure, and the law of increase 
of pressure at constant volume will be the same as the law of increase of 
volume at constant pressure, if Boyle’s Law is obeyed. 

That is, the rise in temperature which causes an increase from 
Vi to nFj if the pressure is constant at causes an increase from 
Pi to npi if the volume is kept constant at Fj. If Boyle’s Law is 
not obeyed perfectly, then the theoretical basis of this argument 
fails. Nevertheless, experiments show that when a fixed mass of 
gas is heated at constant volume, the pressure increases by a 
constant fraction of the pressure at 0® C. for each degree centigrade 
rise in temperature, at least to a considerable degree of accuracy. 

The pressure coefB.cient jS for any gas is the increase in pressure, 
expressed as a fraction of the pressure at 0® C., for one centigrade 
degree rise in temperature, when a fixed mass of that gas is heated 
at constant volume. If be the pressure at 0® C., and p the 
pressure at f C., then 

_ Po' t ’ 

OT, in calculus symbols, 

5>d * 
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Coiistant 'volmme experiment. .The apparatus usually ■ used is 
Jolly’s constant volume air thermometer (Fig. 65). A bulb F of 
about 100 c.c. capacity is filled with dry air ; F is connected by a 
glass capillary tube y and rubber pressure tubing to a movable 
reservoir E. A fixed reference mark X is made on the tube A. 
The mercury in the tube A is always brought to this mark, which 
limits the constant volume maintained, before taking a reading. 
The bulb F is heated in a water bath which is well stirred, and 
temperatures are read with a mercury thermometer. 


H 



Fig. 65, — Constant volume air thermometer. 


The height of the barometer, H, is first read. Then, starting with 
the water in the heating bath cold, the temperature of the bath is 
taken and the mercury in A is brought to the fixed mark X. The 
reading T of the upper surface of the mercury in i? is taktjn ; the 
difference (F-X) gives the ‘‘head’* of mercury h {h is reckoned 
negative if F is below X), and the total pressure is then + 

cm. of mercury. The water bath is then heated through about 
tw'enty degrees, heating stopped, and the bath well stirred. The 
mercury is brought to X and the level watched carefully; a 
slow dowmw'ard creep of the mercury indicates that the ah in the 
bulb F is still rising to the temperature of the bath, and re- 
levelling is necessary when the mercury is steady. The tempera- 
ture of the bath is then taken, and the level F observed as 
before. Heating is then resumed, and further sets of readings 
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Fia. 66. — Graph of pressure against temperature at constant volume. 

are taken. The barometer is read again as a check at the end of 
the experiment. 

When the results are plotted, the graph of pressure against 
temperature is as shown in Fig. 66. It is a straight line (whence 
the pressure increases uniformly as the temperature rises), and when 
extrapolated meets the temperature axis at about -273'^ C. The 
slope of the graph. 

dt ~BO~ 27 r 

JL ^_JL 

PQdl~27d’ 

and the value of jS is 1 /273. 

The dead space ” of the capillary tube T causes an error which 
is diiiicult to estimate, since the exact temperature of this part of 
the apparatus is not known. The expansion of the bulb introduces 
an error in of the order of 1 per cent. ; this can be corrected 
satisfactorily enough by adding the value of g, the coefficient of 
cubical expansion of the glass, to the observed value of jB. It seems 
curious to be mixing ordinary coefficients of expansion with the 
pressure coefficient, but if we suppose the bulb to expand to (1 
of its original volume, and the gas inside then to be brought back 
to the original volume again by increasing the pressure, Boyle's 
Law shows that a pressure (I +gt) times that actually recorded 
would be needed. Thus, correction for the volume expansion of 
the glass does give the required correction to the pressure coefficient. 

The pressure coefficient can be calculated from two readings, 
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neither of which- is made at' 0® C., as follows. Let Pi be the pressure 
at C., J52 pressure at C., and the pressure at 0*^ G. 

As ~ , the equation giving the pressure p for any tem* 

perature I® C. is p ==Po(l + ; 

JP2 ~Po(^ +^^2)* 

P2 1 + ^^2 


So 


giving 


Pi i+Pk' 
P2-P1 


Pih-Pzk 

Accurate experiments have shown that jS is fairly close to 1 /273 
for all the permanent gases, and the law of increase vdth pressure 
at constant volume can be stated as : For a fixed mass of any gas 
heated at constant volume, the pressure increases by 1/273 of the pressure 
at 0®C., for each centigrade degree rise in temperature. With the 

symbols of p. 131, we can write • 

i i 0 


REAL GASES AND THE IDEAL GAS 


Values of a and ^ for the gases helium, hydrogen, and nitrogen 
are tabulated below. These figures are taken from Roberts’ 
'' Heat and Thermodynamics ”, and are results obtained by Heuse 
and Otto from observations at the ice point and the steam point. 
(The student who has read Chapter I thoroughly must surely have 
wondered about the scale of temperature employed in discussing 
the behaviour of gases ; since, if the constant volume hydrogen 
scale is used, we are bound to obtain results similar to those of the 
last sections, whereas if we are employing the mercury-in-glass 
scale the worth of the results may be queried. The answer that 
the present author always makes to this comment is, we must 
suppose that for these exercises and arguments we possess a mercury 
thermometer which has been graduated so as to record faithfully 
temperatures on the true thermodynamic scale.) It can be seen 
that results taken with the ice point and the steam point as the two 
temperatures between which tte expansions occur must give the mean 
values of the volume coefiScient and the pressure coeflBcient over this 
interval wUJuyui reference to any paHieular therimTnetric scale. 
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Initial 
pressure 
(cm. of 
mercury) 

Helium 

Hydrogen 

, , Nitrogen 

a- 

0 

oe 

0 

a".''. 


39*02 

0-0036S96 

0*0036611 

0*0036604 

0-0036617 

0-0036664 

0-0036673 

63*31 

36594 

36602 

36604 

36613 

36668 

36671 

72*71 

36587 

36611 i 

36593 j 

36620 

36699 

36709 

99-45 

36679 

36604 

36589 : 

36621 

36734 

36740 


The above table shows (a) the value of a is slightly different for 
different gases, (b) for each individual gas a differs slightly from jS, and 
(c) both a and p depend on the pressure. 

Now, at extremely low pressures Boyle’s Law is closely obeyed ; 
and if Boyle’s Law is obeyed, the values of a and ^ for the same gas 
should have exactly the same value, as was stated on p. 134. For, 
starting with a fixed mass of gas at 0^ C,, at pressure and volume 
Fo, and heating it to f C. in two ways, first at constant pressure, 
then cooling it down again and repeating at constant volume, 

(а) at constant pressure Pq, volume becomes Fo(l -f a^), product 
becomes p^V^{l +ai). 

(б) at constant volume Fq, pressure becomes product ^F 

becomes + W- 

But if Boyle’s Law s obeyed, all values of the product ^F at the 
same temperature must be the same, so ^?oFo(l 
and therefore a = /3. 

By plotting a graph of a or jS against the pressure, and extra- 
polating to zero pressure, values of these coefficients at the limiting 
conditions when Boyle’s Law is obeyed are found. These ar^ : 

a 

Helium ^ 0-0036607 0-0036609 

Hydrogen - 0-0036611 0-0036610 

Nitrogen - 0-0036609 0-0036606 

Not only are the pressure coefficient and the volume coefficient 
for each individual gas very closely equal to one another ; but also 
the values for different gases are all close to the mean value 
0-0036608. Hence we can conclude that in the limiting case, at 
extremely low density and pressure when Boyle's Law is obeyed closely, 
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ail gases have the same Yolume coefficient 0*00366085 and the same 
pressure coefficient 0*0036608. Beal gases, however, behave in 
this way only at extremely low pressures, and this behaviour is an 
ideal which is only approached as a limiting case. But we can 
imagine a gas which would behave in this way at all pressures ; 
such a substance is the ideal or perfect gas. 

Fixing attention now on the product pressure x volume instead 
of merely pressure or volume singly, the value of this product at 
f C. can be written as either PqVq{\ -f a^) or PqVq{1 -f For the 
ideal gas a = ^3= 0*0036608 ; this constant can be denoted by the 
symbol a, when both expressions can be written 

Hence, pV 

and since p^V^a is a constant, which we will here call (7, for rhe fixed 
mass of gas chosen, 


Absolute zero and absolute temperatures. It is now possible to 
clear up some ideas about absolute zero and absolute temperatures, 
and explain the convenience of these in gas calculations. 

From the equation pF ==(7 the graph of pV against t can 

be plotted for a perfect gas. The product pF is zero when 



1 

0*0036608 


273*2^ C. 


At this temperature, therefore, the product pF for a perfect gas 
would vanish completely. This temperature, denoted by Z on the 
graph (Fig. 67), is the absolute zero of temperature. 

If the origin be transferred back to Z, and temperatures, denoted 
by the capital letter T, be measured from the absolute zero, the 
temperature on this notation is related to the temperature f 
on the centigrade notation by the formula T ^t+213‘2. Also, as 



= (273*2 4 - 0 = T, the equation for the product pF can be 


rewritten as 


pV^CT. 


The addition of 273*2 or any other number to a centigrade 
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Fig. 67. — Graph of product pF against temperature# 
readiTig is simply a matter of nomenclature or notation ; the term 
“ scale however, is applied to something much more funda- 
mental than this. What is meant by '‘ the absolute scale of 
temperature 

In this argument, the behaviour of an ideal gas between the ice 
point and the steam point (for example, as found by Heuse and 
Otto) was used as the starting point ; and the number obtained 
for the centigrade reading of the absolute zero of temperature 
is the value of the absolute zero on the ideal gas scale, which 
is identical with the Kelvin Absolute Thermodynamic Scale, as 
is proved on p. 281. When this scale is employed for the 
measurement of all temperatures, whatever the zero of the scale 
may be named, they are temperatures measured on the absolute 
thermodynamic scale. The temperature -273*2° C. is the absolute 
zero on this scale, and temperatures on this scale measured 
from absolute zero are called absolute temperatures, and denoted 
by the symbol °K. The temperature of the ice point is then 
273*2° K. 

The very searching question “How would you find experimentally 
the value of the absolute zero of temperature? is occasionally 
asked. It is not a straightforward task to obtain a value which is 
sound in principle with simple apparatus. The mercury thermo- 
meter must be discarded, and use made of the constant volume air 
thermometer alone. Using this as on p. 135, values of the pressure 
at 0° C, and 100° C. are obtained. The two points are plotted on a 
graph and joined by a straight line ; this then states that equal 
changes in pressure correspond to equal changes in temperature, 
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so that temperatures' on the comtant volume air thermometer scale 
are being employed; Producing the line back to cut the temperature 
axis, it is found as before to cut the axis somewhere in the neigh- 
bourhood of -273° C. ; the exact point gives the temperature of 
the absolute zero the constant-volume air therm^ometer ' scale. 
(The reading of the pressure at 100° G. should, of course, be corrected 
for the expansion of the glass bulb,) Alternatively, the constant 
pressure apparatus of page 130 could be used, taking readings at 
the ice point and the steam point, and proceeding as outlined above. 
This would give the value of the absolute zero on the scale of the 
constant-pressure air thermometer. It is clear that a mercury 
thermometer, even if graduated to read perfect gas scale tempera- 
tures accurately, must not be used in either of these experiments, 
for the simple reason that the substance used (air) is not a perfect 
gas. 

The values of the absolute zero obtained with accurate standard 
constant- volume gas thermometers, using the gases hydrogen, 
helium, and nitrogen, differ only slightly from the value on the ideal 
gas scale. But the differences, though small, are appreciable for 
accurate work, and are particularly important when a gas thermo- 
meter is used for the measurement of very low temperatures. There 
are two ways of allowing for the differences. The first is to 
determine the values of the “ second virial coefficient 
(p. 157), for the gas concerned at 0° C. and 100° C., and from 
this calculate the deviation of the gas from ideal gas behaviour. 
The second is to use the Joule-Kelvin effect (p. 252) to calculate 
the temperature of the ice point on the absolute thermodynamic 
scale, which shows for certain how far the absolute zero of temperature 
is below 0° C. 

Correction of the gas thermometer to the ideal gas scale or absolute 
thermodynamic scale. This section involves a certain amount of 
repetition of what has gone before, but it is essential, in order to 
be as clear as possible, to collect a number of matters together under 
one heading here. 

If we could obtain an ideal gas and use it in a gas thermometer, 
its readings would give absolute scale temperatures. We have, 
from the dbserved behaviour of an actual gas used in a thermometer, 
to make corrections for its departure from the behaviour of an ideal 
gas. 
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With an actual gas (say hydrogen) we have the constant-pressure 
scale (here distinguished by suffix a), which defines 4® C. as 

/F/-. F 

*^10 0 “ ^ 0 

oilwhich F< = Fo{l +a4) ; (1) 

and also the constant- volume scale (suffix P), which defines C. as 


)1iz2sl^ 
PlOO ’ 


‘pn which ==^o (l+p %) (2) 

The values of a and are different from one another for the same 
gas, and also have different values for different gases. 

For an ideal gas, the equation of p. 139 can be written 

(i?F),-(pF)o(l+a^), (3) 


w^here t (without any suffix) is the centigrade temperature on the 
ideal gas scale. The value of the absolute zero is -* 1 /a, which is 


-273*2'^ a 



Writing A for the product ^F for an ideal gas, equation (3) 
becomes a ^ a n 


and the equation defining t° C. on the ideal gas scale is 


Summing up, the three equations defining f C. on the three gas 
scales are : 


Constant pressure gas scale, Constant volume gas scale, 
depending on a for the depending on jS for the 
chosen gas. chosen gas. 


The following method is that developed at Leyden by Kamerlingh 
Onnes for the correction of the helium gas thermometer. 

For an ideal gas, pV - A, where A depends only on the tempera- 
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ttire. For a real gas, the behaviour is represented by a **vMai 
expansion of the form 

where A, is the same constant as in the expression for a perfect gas, 
and where (7^, etc., are empirically determined coefficients called 
7* virial coefficients ’V which are functions of the temperature only. 
This is only one of several alternative ways of writing down the 
expression for pV as a series. This method of expressing the 
behaviour of a gas in terms of empirical constants, together with 
certain limitations as to its usefulness in general, is discussed later 
(p. 169). For helium, the second virial coefficient ** is of the 
order 0-0005, and and the succeeding coefficients are very small 
indeed. The values of 5^ determined at O'^ C. and 100"^ C. are written 
RoandRioo- 



Then 


o Pioo -Pq ^ (pV)ioo - {py)o 
lOOpo 100(pF)o ’ 


V being constant. 

Taking the virial expansion to the jSrst two terms, substituting 
the values {jpF)o =Mo (^1 + and (pF)ioo =-^100 (^1 + 
simplifying, 




A 


100 


-^100 ~ ^0 
100 Mo ‘ 100M< 


As Mioo=^o(l + 100a) this simplifies to 

. 1 + 100a , „ ^ . 

p Q ■¥ ify\T7 V-^100 ■^0/* 


lOOF 
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Thus, from the observed value of jS and the virial coefficients 
and Bjooj which would be the value of the pressure coefficient of 
an ideal gas, is found. A correction graph giving the ideal gas scale 
temperatures from the constant volume thermometer readings can be 
drawn. The form of the graph will be roughly as in Fig. 68. 

THE IDEAL GAS EQUATION 

We shall here assume (as is approximately true) that actual gases 
behave as ideal gases. 

In the equation pv = GTi the value of 0 is 

PoVq 

2W. or^. 

Now the pressure Pq and the temperature 273‘2‘^ K. fix the density 
of the gas, whence the volume % is proportional to the mass con- 
sidered for that particular gas. The value of G is proportional to 
this mass, and is only a constant in the sense that it has a fixed 
value for each selected mass of a particular gas. It is convenient 
to work out the value of this constant for unit mass of gas. 

Two kinds of unit are used : the gram, and the gram-molecular- 
weight or mole, which is 32 gm. for oxygen, 4 gm. for helium, 
2-016 gm. for hydrogen, and so on. The second is the more usual 
unit. 

The symbol B is used for the constant thus calculated ; E has 
the same value for 1 mole of all gases, and this value, denoted 
throughout this book by the letter E without suffix, is called the 
gas 'Constant. 

The value of G for 1 gm. of any given gas is of course different for 
different gases, and may be denoted by the symbol ^^nit or E^, 
or with a distinguishing suffix referring to the gas concerned. 

The ideal gas equation, referring to one mole of any gas (since we 
are supposing that all gases obey the equation) is 

pV^ET, 

the capitalF denoting volume from now on when this equation is used. 

At first sight, the mole appears a curious unit, and its choice 
needs some explanation. Avogadro’s Hypothesis states that equal 
volumes of all gases under the same conditions of temperature and 
pressure contain equal numbers of molecules. Further, it is found 
experimentally that one mole of any gas under standard temperature 
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and pressure occupies approximately 22*4 litres ; and tlie number of 
molecules , in one mole of any gas, denoted by the symbol A, has 
been determined by several independent methods, , the value 
accepted in 1941 being, according to Birge, 6*03 x 10^^ molecules, to 
three significant figures. Hence, in dealing with one mole of any 
gas we have something much more fundamental than a fixed mass 
of gas, for whatever the chosen gas may be, we have always 
sajne number of molecules. 

So important is this method of reckoning that nowadays it is 
usual to express any mass of gas as its molar fraction 7i, For 
example, 1 gm. of oxygen is 1/32 of 1 mole of oxygen, whence n 
is 1 /32. The ideal gas equation for a molar fraction n is then 

Alternatively, if m is the mass in grams, and M the molecular weight, 


^=1 and 


for this mass. 


It is clear that this avoids ail the confusion and ambiguity w’-hich 
surrounds the use of the symbol B to denote several different 
things. 

Calculation of E for one mole of any gas (supposed ideal). We 
know that when 

p = 76 cm. of mercury =76 x 13*6 x 981 dynes per sq. cm., 
and T =273*2^ K., 

then F =22*4 litres =22400 c.c. for all gases, 

pF 76x13*6x981 x22400 
273*2 

= 8*3 X 10^ units. 

The units are usually given as ergs per mole per centigrade degree^ 
for reasons which will be evident later. 

Calculation of for ^ given gas. Here, and in all calcula- 
tions involving actual gases, we shall take 0® C. to be 273*^ absolute, 
using the relation r=^4-273. There is a good reason for this. 
It is not that there is any extra hardship in multiplying or 
dividing by 273*2 instead of 273, nor yet because it is usual. The 
point is, that actual gases are not perfect gases ; 273*2 is lia for 
a perfect gas, but 273 is nearer to 1/oc for air and hydrogen and 
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helium, and it thus appears more accurate to use the latter figure. 
In this calculation, if we use the figure 273-2, we ealculate for 
an ideal gas of the same molecular weight as hydrogen ; with 273 
we calculate a value of which is a little closer to the value 
for hydrogen itself. There is no inconsistency here with what has 
been said on p. 144 ; for the perfect gas equation is being used, and 
at the same time also a figure which corrects in the right direction 
for the fact that the gases used are not quite perfect gases. 

The data supplied are usually corresponding figures of density, 
temperature, and pressure* For example, given that the density 
of hydrogen at 0° C. and 76 cm, pressure is 0-00009 gm. per c.c., 

p = 76 X 13-6 X 981 dynes per sq. cm.. 


^ 0-00009 


T=273° absolute. 


, „ pV 76x13-6x981 

and -Burnt- j, - 273 x 0-00009 ^ ®rg/gm./ C. 


If the density (or the volume occupied by a stated mass) at some 
other temperature and pressure is given, there is no need to reduce 
to standard temperature and pressure, for always 
where V is the volume in c.c. of 1 gm. at the pressure p dynes per 
square centimetre and temperature jT® absolute stated. 

Eeduction of gas volumes to standard (or normal) temperature and 
pressure, A temperature of 0® C. or 273° absolute, and a pressure 
of 76 cm. of mercury under specified conditions are called standard 
temperature and pressure (S.T.P.), or normal temperature and pressure 
(n.t.p.) 

Let F be the volume measured at pressure p cm. and temperature 
f C., and F^ the required volume occupied by the same sample of 
gas at 0° C. and 76 cm. pressure. 

First, express the temperatures in degrees absolute : 

0° C. =273° absolute, f C. = (273 + ^)° absolute. 

Then as pF/T is constant for the fixed mass of gas, 

pF 76xFo 
^+273 273 ^ 


or 


Fn=F. 


p 273 


76 tH-^273 


c.c. 
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, Conversion of densities from one set of conditions to aaotiier. As 
density is inversely 'proportional to volume/and we are considering 
a fixed mass, say m gm., the density p ==mlV, so F =m/p ; 
and the equation pVIT- constant, becomes 


constant, 

pT 


so 


pT 


= constant. 


The mass of a given volume of pure gas under given conditions 
can be found by multiplying the density calculated as above for 
these conditions by the given volume ; or else by reducing the 
volume to k.t.p., and multiplying by the density at 

Calculation of the mass of a given volume of mixed gases. Dalton’s 
Law of Partial Pressures states that the pressure due to a mixture 
of gaseous substances which do not interact in any way equals the 
sum of their partial pressures. A gas introduced into a closed 
container expands so as to fill the whole of the container as if it alone 
were present. For example, when a closed vessel contains air at 
a pressure of 40 cm. of mercury, this air entirely fills the vessel ; 
when a quantity of hydrogen, such that if it were the only substance 
present in the vessel it would exert a pressure of 30 cm. of mercury, 
is introduced, the total pressure is 70 cm. ; if in addition a quantity 
of carbon dioxide which, if filling the vessel alone would exert a 
pressure of 10 cm. is added, the total pressure is 80 cm. of mercury. 
Each gas, in fact, fills the vessel and exerts its own pressure just as 
if the other gases were absent. 

To calculate the mass of any volume of such a mixture, the 
density of each gas at the given temperature and under its own 
partial pressure is first calculated ; the density of the mixture is 
the sum of the densities thus calculated ; and the total mass is the 
product volume x total density, 

THE KINETIC THEORY 

A molecule of any substance is defined as the smallest portion 
of that substance capable of independent existence, and there is 
abundant evidence that for any given substance the molecules are 
ail alike in their chief properties. It was considered, before the dis- 
covery that many of the elements have several isotopes, that all the 
molecules of a given substance have exactly the same mass ; here 
we shall neglect the existence of isotopes. The molecules of all 
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bodies ate continuaUy moving, md thus possess mechanic^ enerp •, 
and it is beheved that the energy of the movmg molecules themselves 
is in fact the form of energy known as heat. 

The difference between solids, liquids, and gases can briefly be 

summarised as follows. 

In a solid, the molecules are anchored m position under stron^, 
mutual attractions, the nature of which need not here be discussed. 
Each molecule oscillates about its mean position, the amphtude 
of the oscillations increasing as the temperature rises ; this gives a 
qualitative explanation of expansion. When the melting point is 
reached, the oscillations are sufficiently violent to overcome the 
attractive forces, and the “rigid" structure breaks down, giving 
a liquid The latent heat of fusion absorbed in melting represents 
the supply of energy needed to break down this structure 

In a liquid, the molecules are free to move about at raMom, 
though they are still held together in a body of fixed volume by the 
attractions between them. The energies of the molecules are dis- 
tributed about a certain average value at any temperature, and a, 
any instant some have energies much less than, and others enerp^ 
much greater than, this value. The faster molecules m the nmgh- 
bourhood of the surface escape, and are free to move about as 
individuals in the space above. If the most energetic molecules 
escape, the average energy of thcKe remaming is reduced, ^ that 
evaporation cools the liquid {or it may be that latent heat is 
supplied from outside to make good the deficiency). , ,^0 n 
Now consider what happens when 1 gm. of water 
occupying approximately 1 c.c., is converted into steam at^ 0. 
and one atmosphere pressure. The volume of the steam is 1600 . ., 
so that the molecules which would foWy have occupied a cube 
of 1 cm. side now occupy a cube of ^1600, or 11-7 cm., side. It is 
clear that the actual bulk of the molecules themselves cannot be 
more than 1/1600 of the volume occupied by the steam, the rest o 
the space (although “ occupied ” in the sense that other patter is 
excluded from it) being empty. Also, the molecules must be, 
the average, nearly twelve times as far apart in the gaseous state as 

they were in the liquid state. , , « 

No satisfactory “law of frurce” for molecular attraction has 
been completely worked out, though variations inversely as different 
powers of the distance ‘have been sugg^ted from tune to fame. 
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But it is certain tliat the attractions, diminish greatly as the average 
distances between the molecules : increase. Let us suppose the 
steam to be maintained at 100"^. G. when, as an unsaturated vapour 
(p. 162) we can apply Boyle's Law if we expand it. If the volume 
of the steam is increased ten times, the pressure is reduced to about 
1/10 atmosphere, the molecules now fin only 1/16,000 of the total 
volume occupied, and the average distance apart is increased to 
25*2 times the original distance in the liquid state. 

Reducing the pressure thus (1) reduces the fraction of the occupied 
volume which is actually filled by the molecules themselves, and 
(2) by increasing the average separation of the molecules reduces 
the effect of their attractions for one another. At extremely low 
pressures, the fraction of the total volume filled by the molecules 
themselves is vanishingly small, and so is the effect of attractions. 
But at extremely low pressures the physical behaviour of an actual 
gas approaches that of the ideal gas ; hence, low-pressure conditiom 
with an actual gas are the conditions always obtaining with an ideal gas 
at all pressures. 

The difference between a real gas and the ideal gas, therefore, is 
the same in kind as the difference between a real gas at high pressure 
and a real gas at low pressure. In one case, the molecules occupy 
an appreciable fraction of the total volume and attract one another 
appreciably ; in the other case, the molecules fill only an infinitesi- 
mally small fraction of the total volume, and attractions between 
them are entirely negligible. In appl 3 dng the kinetic theory to an 
ideal gas, then, we shah neglect the volume of the molecules them- 
selves, and also neglect the effect of their attractions. When the dis- 
crepancies between the behaviour of a real gas and an ideal gas come 
to be discussed, these two points wfll be the first to be considered. 

Pressure of an ideal gas. The suppositions made for the purposes 
of this calculation are : 

(1) The molecules bedvam as if they were hard, smooth, perfectly 
elastic spheres. (What is now known about atomic and molecular 
structure does not refute this supposition, but rather explains why 
it is helpful.) 

(2) The molecules are continually in random motion, colliding 
vrith one another and with the walls of the containing vessel. 

(3) The average kinetic energy of the molecules is proportional 
to the absolute temperature. 
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(4) The molecules do not exert any appreciable attractions on 
one another. 

(5) The space actually filled by the molecules themselves is only 
an infinitesimal fraction of the total volume occupied. 

A perfectly elastic sphere of mass m and velocity u impinging 
perpendicularly on a fixed rigid wall has its momentum reversed, 
from mu to and the wall receives an impulse equal to the 

change of momentum of the sphere, If, during one second, 

a large number of such impacts occur, the average force on the wall, 
by Newton’s Second Law of Motion, is equal in absolute units to 
the total change of momentum in that second. The pressure is then 
obtained by taking the force on unit area of the wall. This is an 
outline of the principles of the calculation which will be used. 

Suppose that a closed vessel of volume v c.c. contains a fixed mass 
of gas at pressure p dynes per sq. cm., the total number of molecules 
being n. The number of molecules per c.c., v, is then given by 
v^njv. Let m gm. be the mass of each molecule. 

Imagine for the moment that all the molecules are moving in a 
direction perpendicular to one wall of the container with velocity 

u cm. /sec., and consider 1 sq. 
cm. of this wall (Fig. 69). 
All the molecules contained 
in a prism of length u cm. 
and base 1 sq. cm. strike 
the selected area in one 
second. The volume of this 
prism is tfc c.c., and the number 
of molecules contained in it is 
vu. Each molecule undergoes 
a momentum change 2mu at 
right angles to the 'wall when 
it strikes it, giving the wall a 
corresponding impulse 2mu. 
Hence, force on unit area 

=^2mu X vu 
^2vmu^ dynes, 

so the pressure p is 2vmu^ 
dynes /sq. cm. 
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, Apart from demanding a somewhat extensive space in which to 
construct the prism (though this does not invalidate the argument, 
because a suitably short time interval could easily be chosen instead 
of one second), two extremely unlikely assumptions have been 
made. 

If the molecules are moving at random in all directions, it is 
highly improbable that at a given instant they vili all be simul- 
taneously moving in the same direction. It is more reasonable 
to suppose that they will, on the average, be distributed equally in 
six directions along any set of rectangular co-ordinate axes we like 
to choose, as shown in Fig, 70, On the average, then, only one 
sixth of the vub molecules considered in the prism vill be moving 
towards the wail in a direction at right angles to it. So it would be 
more accurate to vuite 

^\vmv? dyne/sq, cm. 



Fig. 70, — ^Average resolved distribution of molecular velocities. 

The second false assumption must now be shed. All the molecules 
do not have the same value of and we should by rights consider 
the average value of for all the molecules. This is called the mmn 
square velocity, and is given the symbol Hence, the expression 
arrived at for the pressure is 

, , p = dyne /sq, cm. 
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Now, v^njVy 

/. p^\nmc^lv, 
or 

We shall not stress here the unsatisfactory features of the aboYe 
deduction (which lie entirely in the mathematics, and not in the 
physical principles employed). It justifies itself as a method of 
presentation first on account of its relatiYe simplicity, and secondly 
because the most rigid statistical treatment of the two averaging 
processes leads to exactly the same equation as that obtained here. 

Now consider 1 mole, and write V for the volume occupied and 
N for the number of molecules. 

Then pV^lNmcK 

Or, as Nm equals the molecular weight in grams, M, 

Let the average kinetic energy of the molecules be directly 
proportional to the absolute temperature, (There appears to be a 
difierence of opinion as to whether this is an assumption made 
originally, as has been stated here, or whether it can properly be 
considered to be a deduction from the argument. This is perhaps 
all a question of wording ; as it leads to the established equation 
pV ^RT, it is an assumption which appears well-founded.) 

Then where a is a constant ; 

/. \Nmc^^No:,T^ 

and p F = ^Nmc^ ^ f . iNmc^ == f NaT. 

The equation pV =^NaT is the same as pV ^RT, if lNa=^R. 

Thus, by considering a simple model of an ideal gas, the equation 
pV ^RT has been deduced theoretically. 

2 3 jK 

As %Nol is the same as R, R <xN or 

^ 3 2 A 

The ratio R/M (which is the value of R for one molecule) is 
called Bolt 2 anami’s Constant, and is usually given the symbol L Thus 

-r ■■ oc %h and =^kT, 
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DEDUCTIONS FROM THE IDEAL GAS EQUATION 

1, Detemainatioa of the value of s/cA 

As pV 


But NmjV is the total mass of gas divided by its volume, and 
thus equals the density p. 

Hence ®=ioc2 or 


This gives the square root of the mean square velocity, which is not 
quite the same thing as the average velocity ; the difference depends 
on the distribution of the velocities of the individual molecules, and 
can be calculated, but we will here suppose that it is smaU, 

For hydrogen at k.t.f. assuming the figures p =0*00009 gm./c.c., 
p = 76x13*6x981 dyneBjsq. cm., 

/3 x 76 x 13*6 X 981 
0*00009 

= 1*86 X 10^ cm. /sec. 

The following tabk, taken from Kaye and Laby’s Tables 
gives the values of Jc^ at 0*^ C. for the common gases. 


Hydrogen - 
Helium 
Nitrogen - 
Oxygen 
Carbon dioxide 


It is interesting to compare the value of J with the velocity of 
sound in the same gas. The formula for the velocity of sound, in terms 

of the pressure and the density, is velocity = V® , where y is the 

P 

ratio between the two specific heats (p. 259) and has the value 140 
for a diatomic gas. Thus, for air or hydrogen, at a given pressure, 

\/c2 : velocity of sound ='\/— : = n/3 : V 1*40. 
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2. G-raliam’s Law of Diffusion. When a gas flows through a wide 
tube under a pressure gradient, it behaves as if it w’^ere a continuous 
fluid. But when a gas passes through a fine hole or tube, or a 
porous solid which is composed of numerous very fine tubes, it 
travels through molecule by molecule. This process is called 
diffusion, and was investigated thoroughly by Graham. The 
rate of diffusion depends on the density of the gas, other things 
being equal ; the lighter the gas, the greater the rate of diffusion. 
There are several well-known simple experiments to demonstrate 
this. For example, a closed tube of unglazed earthenw^'are is fitted 
with a manometer and filled with hydrogen ; the pressure inside the 
tube falls rapidly, as hydrogen escapes faster than air enters through 
the pores. If the same vessel is filled with carbon dioxide, the 
pressure rises, as air enters faster than carbon dioxide escapes. 

Graham’s Law of Diffusion states that the rates of efflux of 
different gases through a porous septum under given conditions are 
inversely proportional to the square roots of their densities. For 
two gases, 1 and 2, at the same pressure, if the rate of efflux is 
taken as proportional to for each gas, 

as and 

whence Graham’s Law should theoretically be true, 

3. Avogadro’s Hypothesis. This states that equal volumes of all 
gases under the same conditions of temperature and pressure 
contain equal numbers of molecules. 

Consider two equal volumes V at the same pressure and the same 
temperature (which means that the average molecular kinetic 
energy, is the same in both cases). 

Let there be molecules of mass in one gas and molecules 
of mass m 2 in the other, and let the mean square velocities be 
and 

Then = and also = 

whence 

But as the temperatures are the same, hence % 

and the two volumes contain the same number of molecules. 
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4 , Daltoa’s : Law ' of Partial' Pressures. - Consider ’a: volume F 
containing % molecules each of mass 7%; and mean square veloeity 
exerting a, 'pressure 'I)!,' % mO'Iectiles each of "mass'mg and mean 
square " velocity exerting' a and molecules each 

of mass mg, and mean square velocity ~c^, exerting a pressure 
the whole mass of course being at the same temperature- 

As each gas expands to fill the whole of the container and occupies 
volume F at its own pressure, 

But as the whole is at the same temperature, the average kinetic 
energy of the molecules of each kind is the same, 

~ ^3^3^ ==mc^ say ; 

whence (Pi +^2+^3)^=^ I (^1 + ^^2 + ^3) 

But (% +7^2 +^3) is totdl number of molecules 7^, and the total 
pressure p should be represented by pF — 

Thus the total pressure p is the same as OL the 

pressure due to a mixture of gases or vapours which do not interact 
in any way is equal to the sum of their partial pressures. 

Thus the simple kinetic theor}^ w^hich leads to the equation 
pV ^BT iov an ideal gas, goes much beyond this, and appears to be 
able to explain nearly all the general rules about gaseous behaviour 
which are obeyed approximately by real gases. Unfortunately, 
these rules are not strictly obeyed by any real gases, but "the theory 
is clearly w^orking in the right direction. The lines along which 
the theory must be modified to deal with real gases have already 
been indicated ; these modifications will now be discussed in detail. 

PROPERTIES OF BEAL OASES 

Air, oxygen, nitrogen, hydrogen, and the other ‘'permanent 
gases ” obey Boyle’s Law to within less than one part in a thousand 
(that is, the products pF agree to well within this limit) at ordinary 
pressures and temperatures. At higher pressures and lower 
temperatures, the deviations are more pronounced. 

Many investigators have tested the validity of Boyle’s Law at 
high pressures. Regnault performed a series of experiments to test 
whether doubling the pressure reduced the volume to exactly one half, 
and Amagat conducted experiments in which pressures up to about 
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3,000 atmospheres were reached. Amagat’s earlier experiments^ 
up to about 300 atmospheres, were done with apparatus similar in 
principle to that of Pig. 55 (p. 123), the chief difference being that 
the reservoir R was not movable, but was fixed to the face of a high 
cliff in one set of experiments and to the side of a mine shaft in 
another set, the pressure being increased by pumping mercury in 
at the bottom of the tube corresponding to R. 

All the experiments show 
y product for a 

^ N/e fixed mass of gas at constant 

^ temperature is not constant, 

but is a function of the 
At Boyle temperature """ ^ pressure. The variation of 

^F with p is as shown in 
which in its general 
form applies for all gases. 
For each gas there is a cer- 
"T — tain temperature called the 

Fia. 71 . — Curves showing general variation temperature, at which 

ofpFwithp. ^F is approximately inde- 

pendent of f and Boyle's 
Law is obeyed closely. For higher temperatures, pY increases as p 
increases, while for temperatures below the Boyle temperature pF 
at first decreases, reaches a minimum, and then begins to increase. 

The Boyle temperature for helium is 23° K., for hydrogen 
109° K., and for nitrogen 323° K. In experiments done at ordinary 
temperatures, then, the first two gases follow the highest of the 
three curves of Fig. 71, while nitrogen follows the lowest line. 

The variation of pF with p (or with 1/F) at any temperature can 
be expressed analjrtically as a virial expansion, or virial equation. 
One form of this was used on p. 143, namely : 


Another form is 


in which odd powers of l/F, except the first, are omitted. 
A third form is : pF -^(r+B^p + ^p^ + I>pP® ... ), 
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the A term in each case being the ideal gas ” term, and A and 
all the R's> G's, etc., being fnnetions of the temperature alone. 
As B, Os ... called the first, second, third ... virial coefficients, 
are characteristic of the individual gas. 

The first virial coefficient, is the value of the product pV 
when p is exceedingly small, and it should be the same for ail gases. 
The second virial coefficient is of great importance in discussing 
the behaviour of individual gases, while 0^, and the succeeding 
coefficients are progressively smaller and are usually neglected. 
The values of the second and succeeding virial coefficients may be 
either positive or negative, depending on the temperature. The 
Boyle temperature is the temperature at which the second virial 
coefficient B^ is zero ; and Boyle’s law is obeyed closely at this 
temperature provided that p is not so great that the higher terms 
in the expansion containing the very smaU coefficients 0^, D^,, ... 
become appreciable. Below the Boyle temperature B^ is negative, 
while above the Boyle temperature is positive. 

These expansions are empirical equations, the "" constants ” of 
which are adjusted to fit the observed results, and are simply the 
algebraic equivalents of the plotted curves. 

In looking for a simple physical explanation of this behaviour of 
real gases, it is necessary to recall that the kinetic theory suggests 
that Boyle’s Law should be obeyed if the molecules are themselves 
infinitesimally small, and if they do not attract one another at all, 
assumptions which were shown on p. 149 to be extremely improbable. 

At low temperatures, the value of pV decreases as the applied 
pressure increases ; that is, the applied pressure required for a given 
volume decrease is smaller than Boyle’s Law suggests. If the 
molecules do attract one another, and the attraction increases as the 
average distance between them decreases, this attraction helps to 
pull them together, and is equivalent to an extra applied pressure 
from without, so that the pressure actually needed is less than it 
would be if there were no attraction. The subsequent rise in the 
graph at higher pressure may be explained if we suppose that the 
molecules themselves occupy a finite voli|me, so that the observed 
volume F is greater than that actually available for the molecules 
to move about in, and the product pF is really over-estimated. 
These two tendencies, effectively adding to the applied pressui*e and 
reducing the observed volume, act in opposite directions on the 
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product pF and both will be ajBfected by the temperature. At 
higher temperatures, the molecules will, on the average, be moving 
more rapidly. The effect of attractions will be less, since each 
molecule spends less time close to other attracting molecules ; also, 
the volume effectively occupied by the molecules might be expected 
to be greater when they are moving faster, just as the area of a cricket 
field defended by, say, cover-point, depends on how fast he can run. 

At the Boyle temperature, the second tendency just counteracts 
the first, whereas above the Boyle temperature the second tendency 
is the greater ; so the product pV increases from the start. 

Contiauity of state. Another question now arises. Sulphur 
dioxide, carbon dioxide, and many other gases do not at ordinary 
temperatures behave like air or hydrogen. If a sufficiently great 
pressure is applied they liquefy. The change of state is evidenced 
by a sudden considerable reduction in volume, the evolution of 
latent heat, and the appearance of a visible surface ; if none of 
these is observed in an experiment it may reasonably be concluded 
that the substance remains gaseous. Increasing the pressure and 
reducing the volume should, if the earlier deductions be sound, 
favour liquefaction, since molecular attraction should be strongest 
at close quarters. But, if some gases liquefy under pressure, why 
not all? 

The first experiment leading to a solution of this question is that of 
Cagniard de la Tour (1822). A liquid such as water or ether, trapped 
by mercury, was heated in the short limb of a closed tube, the longer 
end of which served as a closed air manometer. As the tempera- 
ture increased, a stage was reached at which the liquid meniscus 
had disappeared, the whole of the contents appearing homogeneous. 
The temperature at which this occurred was called by de la Tour 
the critical temperature for the substance. On cooling again, the 
boundary reappeared. Fig. 72 illustrates a Science Museum appar- 
atus for demonstrating this effect. 

These observations can be described in several ways. It is known 
that the surface tension of a liquid diminishes as the temperature 
rises, and it may be that the surface tension has become vanishingly 
small, so that the visible surface disappears, though liquid substance 
remains in the bottom of the tube, and gaseous substance at the top. 
Or, as the temperature rises the hquid becomes less dense and the 
saturated vapour (p. 162) denser ; it may be that at the critical 




Fig, 72. — The glass tube contains carbon dioxide at about 60 atmo- 
spheres pressure, the liquid meniscus at air temperature being about 
half-way up the tube. The meniscus disappears when the hot air 
current raises the temperature above the critical temperature, to re- 
appear on cooling. 

Reproduced from the Science Museum Handbook^ on Very Low TemperatureSf 
by permission of the ConiroUer of E, M, Stationery Office. 


temperature both liquid and vapour have the same density (and this 
is actually the case). But the ability to form a homogeneous 
mixture depends on molecular attraction rather than merely on 
density, so that the molecular attractions must be the same for liquid 
and vapour molecules at this stage. 

These different descriptions really all amount to the same thing. 
What can be said of a liquid which has no surface, which has the 
same density as the vapour above it, and in which the molecular 
attractions are the same as in the vapour, so that it mixes with the 
vapour and is indistinguishable from it? We can only say that ai 
the critical temperature there is no visible distinction between a liquid 
and its vapour, and that above the critical temperature the liquid state 
no longer persists, and the substance is all in the gaseous state. 

Andrews" experiments on carbon dioxide. Andrews, in 1863, 
obtained a series of values of pressure and volume at constant 
temperature, and plotted a series of isothermal curves — ^that is, 
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ATM. 



carbon dioxide. 


curves showing how V depends on p when the temperature is 
constant. 

Carbon dioxide was contained in a calibrated glass tube by a pellet 
of mercury, the open end of the tube being in a liquid chamber to 
which pressure was applied by screwing in a plunger. The pressure 
was measured by observing the diminution in volume of air or 
nitrogen (the behaviour of which was known) in a similar tube 
(Fig. 73). The resulting curves are shown in Fig. 74, and these 
curves can be divided into two classes. 

(1) For C. arid above, continuous curves similar to, though 
not so steep as, the air curves shown in the upper right-hand comer 
of the figure. 

(2) Bdow 30® C., each curve showed three distinct portions (Fig. 75, 
p, 162) ; a smooth curve AB somewhat similar in general trend to 
those at higher temperatures, a horizontal part BC, along which, for 
me value of the pressure, the volume may have any value l 3 dng 
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between S and (7, and a very steep part CD along wMcIi a veiy small 
change in volume is caused by a large increase in pressure, and the 
substance is practically incompressible. Between A and B the 
substance is gaseous ; between B and G the substance is Iiquef 3 diig, 
both liquid and vapour being present together in equilibrium, and 
the gaseous portion is a saturated vapour. At B the substance is 
entirely gaseous, at C entirely liquid ; the length of BC denotes the 
difference between the volumes of the fixed mass of vapour and the 
same mass of liquid. Along €D the substance is entirely liquefied. 
Pig. 75 refers to one of the lowest isothermals obtained. For higher 
temperatures, the length of the horizontal part decreases, showing 
that the difference between the volume of the hquid and that of the 
vapour is less. Just below C., the horizontal part is reduced 
to a point, while at J2*5® C. there is no horizontal part at all, though 
there is a kink in the curve, showing abnormally high compressi- 
bility. At 35-5® C. the kink is less pronounced, while at 48d® C. the 
curve is smooth and very similar to the air curves. 

The critical temperature of carbon dioxide, as determined by 
observing the temperature at which the meniscus of Kquid carbon 
dioxide disappeared, was found by Andrews to be 30*9° C. The 
Sid® C. isothermal is then practically that for the critical tempera- 
ture, and really represents a dividing stage between the two types 
of curve. At this temperature it is just possible to liquefy the gas 
by pressure, and at the point when this occurs the volumes of liquid 
and gas are the same. Above this temperature it is not pc^sibie to 
obtain the substance in the liquid state. 

The critical temperature (0^® C. or K.) of a substance is thus 
defined as that temperature above which the substance cannot be liquefied, 
however greatthe pressure. 

The critical point is that point on the isothermal for the critical tempera- 
ture at which the substance passes from the gaseous to the liquid state. 

The critical pressure is the pressure at the critical point. 

The critical volume will in this book denote the volume occupied 
hy unit mass at the critical temperature and the critical pressure. (The 
name is also sometimes used for the same volume expressed as a 
fraction of the volume occupied by the same mass under standard 
conditions.) 
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Gases and vapours. We can now distinguish properly between the 
terms vapour and '' gas ”, 

The term gas ” denotes a substance in the gaseous state at a tempera- 
ture above its critical temperature. 

The term “ vapour ” implies the possibility of liquefaction, which 
can only happen below the critical temperature, and a vapour is 
defined as a substance in the gaseous state at a temperature below its 
critical temperature. 

Considering again the carbon dioxide isothermal for a low^ tem- 
perature ; gaseous substance, or vapour, is present over the whole 
of the region from A to G (Fig. 75). From A to B the whole of the 
material present is gaseous. There is a fixed mass of gaseous sub- 
stance present, and a fixed number of gaseous molecules. Hence 
Bo 3 de’s Law, which applies to a fixed mass of gaseous substance 
at constant temperature, is more or less obeyed. The vapour is said 
to be an unsaturated vapour. 

From B to C, the substance is a mixture of gas and vapour in 
equilibrium (p. 178). At B the substance is all vapour, and at G all 
liquid, and all possible proportions between these limits occur. 
The mass of gaseous substance is not constant, so there is no question 
of Boyle’s Law or any other gas law being obeyed. The pressure 
is constant all the way from B to G, and this is the greatest pressure 
at which the vapour can exist at that temperature. An infinitesimal 
change in pressure brings the substance from BC on to CD, where ail 
is liquid, or on to the portion AB where all is unsatiirated vapour. 

Hence, a saturated vapour at any temperature is a vapour in equi- 
librium with its liquid at that 
temperature. The pressure it 
exerts at this temperature is 
constant, and is the maximum 
pressure the vapour can exert 
at that temperature. This 
pressure is independent of 
the volume, providing this is 
not increased beyond the 
point B (when the liquid 
would all evaporate), or re- 
duced beyond G (when all 
the vapour would condense). 



Fia. 75. — ^Isothermal below critical 
temperattire. 
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Decreasing the volume occupied by a saturated vapour cMnges the 
mass of gaseous substance fresenty m once again it is emphasised, 
that we cannot expect Boyle’s Law, or anything approaching it, to 
be obeyed. 

The pressure of a saturated vapour at any temperature is called, 
the maxtinum vapour pressure, or saturated vapour pressure of the- 
substance at that temperature. At all pressures in excess of this 
the substance is completely liquefied at that temperature, while at 
ail pressures below this the substance is completely gaseous at that 
temperature. 

Andrews believed that the whole of the process from A to D was 
continuous — that is, the difference in the molecular forces operating 
in the liquid, saturated vapour, and unsaturated vapour w’'as one of 
degree rather than of hind. Gas and liquid are only distant stages in 
a long series of continuous physical changes. What is the importance 
of this idea of ^^c ontinuity pllstate ” ? Surely it suggests that uB gases 
can be liquefied^ if only the proper means to do this can be found. 

James Thomson’s H3q)0thesis. James Thomson suggested that 
the curves of Andrews might be represented by a family of cubic 
equations with different parameters, and that the parts AB and CD 
of the isothermals below the critical temperature were really part- 
of a continuous curve typical of a equation with three real roots, 
going below GB at G, above BC at R, and crossing BC (Fig. 76), 
A short portion of the part below 0. is actually realised in practice- 
with superheated liquid, and part above B by supersaturated vapour;, 
but the rest of the dotted part is not obtainable in practice. 

The idea that the whole family 
of isothermals for a real gas can 
be represented by a family of 
similar equations, or a single 
equation of state, in just the same 
way as the isothermals for a 
perfect gas are all embraced in 
the equation of state pV ^ BT, is 
very attractive. Many attempts 
have been made on theoretical 
grounds to modify the equation 
pV = ET to fit the observed 
results for a real gas. 
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X/Vaa der Waals' Equation. To account for the difference between 
the compressibility of a real gas and that of an ideal gas, the obvious 
method of attack is to allow for molecular attracUom and for the 
finite volume occupied by the molecules. 

Considering unit mass of gas, the equation of state for an ideal gas 
is pV = MT. If the molecules attract one another, the pressure p 
observed at the walls of the container is less than the true pressure 
within the body of the gas, since a molecule within the gas is 
attracted symmetrically from all sides (and so unaffected by any 
resultant force)^ while a molecule impinging on a waU is retarded by 
. an attractive pull acting tow’^ards the body of the gas only. The 
effect of the attraction on any one individual molecule is assumed 
to be proportional to the number of molecules per unit volume or, 
since we are considering a fixed number N of molecules in volume F, 
to N jV. But (p. 150) the number of impacts thus affected in any 
interval is also proportional to the density, that is, to NjV. The 
resulting pressure diminution is thus proportional to 
N N 

y>^y, or 


This argument is not strictly accurate ; though the general idea 
is sound, and we can say that the true pressure inside the gas 
exceeds the observed pressure at the walls by an amount propor- 
tional to ^ , say ^ , where a is a constant for unit mass of the 
^ ^ 

particular gas under examination. Hence, instead of p we should 
write in the equation of state the expression ^ 


The space available for the molecules to move about is less than 
the observed volume F, since it is diminished by the space actually 
filled by the volume of the molecules themselves ; and the volume 
should be written (F“6), where 6 is a constant for unit mass of 
the gas considered. Hence the equation of state for a real gas 
should be written 

(p+Y^{V-b)=^ET, 

where M is the '' gas constant and a and b are constants for unit 
mass of any one ^s, but are different for different gases. Thfa 
*equation is known as Yan der Waals^ Equation. 


VAN: DER' WAALS'^ EQUATION m 

The constant 6 is'cafled the co-volume simple considerations 
suggest that b should be four times the actual volume of the 
molecules* 'FoTyif ym consider two molecules A and B colliding, the 
centre of A cannot get nearer to the centre of B than a distance 
equal to its diameter away. We can imagine B to be surrounded 
by a sphere of influence ”, of radius ^ual to the diameter of 
the molecule, which is forbidden to the centre of A. The volume of 
this sphere is eight times the volume of a single molecule, or four times 
the volume of the pair of molecules involved in the collision. Taking 
all the molecules in pairs like this, it can be seen that the sum of the 
'' forbidden volumes ’’ is four times the volume of all the molecules. 
The same result is given by Jeans in '' The Dynamical Theory of 
Gases as the conclusion of a probability calculation ; other 
calculations have suggested that b should be times the actual 
volume of the molecules instead of 4 times. 

Van der Waals* equation is the simplest of the many attempts 
that have been made to derive an equation of state for real gases, 
and on the whole it fits the facts fairly well provided that conditions 
are such that the deviations from Boyle's Law are small. Partington 
and Shilling, in “ The Specific Heats of Gases ”, pp. 29-34, list 
fifty-six different equations of state, some extremely complicated, 
and some closely accurate for particular gases over fairly narrow 
limits. The importance of Van der Waals’ equation lies in its general 
application as an approximate equation over wide ranges for a wide 
range of substances, rather than the accuracy with which it fits any 
particular case. 

The isothermais obtained by using Van der V/aals' equation to 
plot p against F do not agree closely in form with those obtained 
experimentally by Andrews, though they certainly give a better 
approximation than do the isothermals of an ideal gas (which are a 
family of rectangular hyperbolas). In the neighbourhood of the 
critical point, Just where the equation affords some extremely 
interesting results, it is certainly inaccurate. We shall, however, 
proceed for the present on the assumption that Van der Waals' 
equation is closely obeyed. 

jThe critical constants. Consider the isothermal ACB (Fig. 77) 
for the critical temperature Going from A to the critical 
point C, the gradient of the curve, dpjdV, gets (numerically) 

less and less until at G the tangent is horizontal, and dpjdV^O, 

. .■ . # 
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Proceeding from C to B, the 
gradient steadily increases, so 
that dpjdV has a turning value 
at (7, whence 

d f dp \ d^'p 

dV\dv) dJ^ 

The tangent at C is horizontal, and 
the point C is a point of mf! exion. 
Hence, using these two state- 
ments, whatever the equation of 
state may be, at the critical point. 


Fig. 77. — Critical- temperature 
isothermal. 


'.Now, writing Van der Waals’ equation in the form, 


, dp -RT 2a 

we have dV^ {V - ' 

d^p 2RT 6a 
"" {V-bf 

Eor the critical point, substituting in all these equations p^p<.^ 
V = Fc, and T == and putting and equal to 0, 


giving three equations which should enable p^, 
calculated in terms of a, b, and R. 

From (2) and (3), 

2a RT, , 6a 2RT, 


and 
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whence, dividing the left-hand side of the former by the left-hand 
side of the latter, and similarly the two right-hand sides^ 

■ ■ ■/ y ■ V 

, whence V, - 35. 

Substituting for in (2), 

^ 2a (F,~5)2 2ax4b^ Sa 
■ """Fe^‘ E '"2W,E~21Eb* 

and finally, substituting for both F^ and (D? 

^ %a E a 4a Sa a 

Hence ^=36, 


Now, the values of a and 5 can be obtained by substituting 
observations of p and F in the original equation, and the critical 
pressure, volume, and temperature can be observed independently, 
so that the validity of the calculation can be tested. 

If the equation is accurate, Vdb should be 3 for all gases ; actual 
values vary between 2*80 for hydrogen and T41 for argon. 


Also the expression 


ET, ^ E.Sa 275^ 8 
p^Vf.^ 21Eb' Sb* a 3 


observed 


ET 

values of — ^ are all in the neighbourhood of 3*5. 

Thus Van der Waals’ equation is not closely obeyed by any gas 
in the neighbourhood of its critical point. 

It may be mentioned here that any equation of state should 
enable the critical constants to be computed, since chree equations 
solvable for the three unknowns p^,^ F^, and should be obtained 

dn d^n 

by VTiting down the equations for p^ ~ , and at the critical 
point. 


^^^orresponding States. The Reduced Equation of State, If the 
pressure, volume, and temperature of a fixed mass of gas, denoted 
by F, and T respectively, be divided by the critical values of these 
quantities, p^y F^? and the resulting numbers are called the 
reduced pressure p^, reduced volume F^, and reduced temperature 
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WKence 


and 


P =JPri>c (using p. 167), 

F = F^F, = F,..36, 

/v — >v /p —/p 


Substituting these values for p, V, and T in Van der Waals" 
equation, 


which simplifies to 




ST, 


This equation does not contain the constants a and b characteristic 
of a particular gas, and should be true for all gases. This is called 
the reduced form of Van der Waals* equation. Different gases with 
the same F^, and T^ are said to be in corresponding states. The 
reduced equation is only followed approximately — ^that is, as closely 
as Van der Waals’ equation itself is followed by a given gas. 

To obtain the reduced equation we have had to eliminate three 
constants a, b, and B, by substituting values of Pc, F^, and 
This elimination is possible with any equation of state which involves 
only two characteristic constants such as a and 6. The so-called 
'' law of corresponding states ” which states that all gases should 
follow the reduced equation, is thus not a consequence peculiar to 
Van der Waals’ equation. In recent years many authors have used 
the :^uced quantities, and a reduced equation of state, in discussing 
properties common to all real gases and certain problems for which 
thi4 method of expression is most convenient. 

Other equations of state. Clausius, considering that the chief 
dSfect in Van der Waals’ equation lay in assuming that the effect 
of molecular attractions is independent of the temperature, gave 

the equation [p + g pj (F ~ 6) - BT^ where a', (7, and b are 

constants characteristic of the gas. But this equation agrees little 
better than does that of Van der Waals with the experimental facts. 

Dieterici’s equation, --6) — which differs from that 

of Van der Waals only in the first factor, agrees more closely with 
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experiment, giving values of Fe/6 approximately equal to 2, and of 
in. the neighbourhood of the observed value 3-6. Also, 
as the expansion of e® is 1 +a:+a;2/l .2 + ... , it leads to Van der 
Waals’ equation as a first approximation, for 

= f f 1 + 9 expanding and taking the first term only ; 

and substituting the approximate value jpF for BT in this, 

^ EFf) + ■p) ’ 

the first factor of Van der Waals^ equation. As Dieterici’s equatiooj 
like Van der Waals' equation, contains two characteristic constants, 
a reduced equation of state can be found, and this is 

p,(2F,-l) = !7’,e®^~i^). 

Dieterici's equation agrees very closely with experiment for pressures 
up to about tw^elve atmospheres, and fairly well far beyond this range. 

Empirical equations can, of course, be made to fit observations 
to any degree of accuracy by introducing a sufficient number 
of arbitrary constants. Such equations are of value in particular 
investigations. Berthelot, in 1907, when engaged on the problem 
of the correction of the gas thermometer, suggested the equation 

and also a second similar equation, purely empirical, 'which fitted 
the observations made fairly closely. The above equation of 
Berthelot, like the equations of Van der Waals and Dieterici, gives 
values of the critical constants in terms of a, 6, and i?, and also a 
reduced equation of state. 

Kamerlingh Onnes resorted to the empirical form, or “virial 
expansion ” discussed on p. 156, using equations involviog a large 
number of adjustable constants, in which the odd powers of 1/F or p 
after the first are omitted ; for example : 

pF=A(l+^ + ^, + ^ + fl...). 

It is not proposed to work steadily through the fifty-six equations 
of state listed by Partington and Shilling. The three most impor- 
tant ones aroi Van der Waals' equation, which is a satisfactory second 
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approximation to the behaviour of an actual gas, and is used almost 
universally in calculations for which the first approximation of the 
ideal gas equation is not permissible ; Dieterici's equation, of which 
Van der Waals' equation can be considered an approximate form ; 
and Eerthelot’s equation. These are compared below : 


Equation, 

6 

a 

ETc ' 

■ PcVV" 

Van der Waals - 

n/3 


8/3 = 2*67 

Dieterici - 

F,/2 


eV2 = 3*69 

Berthelot - 

F,/3 


8/3 = 2*67 


All three equations predict a critical point, and a continuous 
isothermal of the type suggested by James Thomson during con- 
densation. All of them give a satisfactory representation of the 
facts over quite considerable ranges, provided that the values of 
a and h are determined experimentally and not deduced from the critical 
constants. 

Much interest centres around the second virial coefficient and 
a great deal of theoretical work has recently been done to compute 
its value using modern knowledge of atomic and molecular structure 
and the methods of quantum mechanics. It is interesting to see 
the values for which these three equations give when rearranged 
and expanded. Van der Waals’ equation may be written, 

RT a 


RTV a RT a h\-'^ a 

■■■ 

' V 




F® "■ RTYJ 


\ VJ F’ 


— ^ = i?r h + ^6 - i , 


RTj V 


whence ^^, = 0 at the Boyle temperature (when 


r=r,). 


A Th ’ 


a 


9 
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Dieterici’s equation gives the same value for while Berthelot's 


equation treated similarly gives B^ = b- 


RT^ 


and Tft 




f±. 

‘ Mb ': 


Thus the first two equations predict that a graph of against 1 T 
will be a straight line, whfie Berthelot’s equation prediets that a 
graph of against l/T^ should be a straight line. For many 
substances the graph of against l/T is almost linear over a con- 
siderable temperature region, dropping below the straight line at 
low temperatures, and at high temperatures reaching a maximum, 
and finally dropping so that B^ approaches zero at very high 
temperatures, as IjT approaches zero. Thus none of the three 
equations predicts fully the way in which B^ varies with the 
temperature. 

Eecent work on equations of state. There are two chief reasons 
for wanting to find an expression for the equation of state of a real 
gas. The first is entirely practical, in order that calculations on the 
compressibility of a given gas, and the calculations involved in the 
liquefaction of the gas or its use as a thermometric substance, may 
be made as accurately as possible. For this purpose an empirical 
equation suffices. The second is to derive information about 
molecular forces and molecular attractions, by probing with different 
assumptions as to the nature of these forces until a set of assumptions 
giving a satisfactory theoretical equation is obtained. This second 
reason has led to a great body of recent work on equations of state.* 
One of the most famous is that of Beattie and Bridgman (1927) : 


wffiere 


B^BJl 


23r = Ey(l-e)(l+|)- 

A=Ao(l-|), 


A 


b\ 

TV 


c 


and Bq, a, b, and c are constants. 

A completely satisfactory theory of the equation of state requires 
(a) the correct application of kinetic theory or statistical mechanics 
and (b) a detailed knowledge of intermolecular forces. The investi- 
gations of the era of Van der Waals were handicapped by the 
absence of any real data about intermolecular forces. Recent 
wnrkers, following slightly different lines of approach, have been 

*See the article “Equations of State ”, by J. A. Beattie and W, H. Stock- 
mayer, in voL 7 of the Physical Society's Reports on Progress in Physics (194:0). 
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able to calculate an expression for the second virial coefficient 
and different methods appear to lead to the same result. It thus 
appears that a satisfactory equation of state, at least as far as the 
first two terms of the virial expansion, has been devised. 


QUESTIONS ON CHAPTER IV 

L State Boyle’s Law and give a diagram of a form of apparatus used 
to test the truth of the law. 

A Boyle’s Law tube had a piece of chalk floating on the mercury in 
the space containing the enclosed air. The pressure on this air was 
varied and readings were taken as follows : 

Volume of enclosed space 

above the mercury in c.c. 11*5 10*7 10-0 9-5 8*8 8*0 

Pressure i in excess of 

atmospheric pressure^ 

in cm, of mercury - 4*0 14*0 24*0 34-G 49*0 74*0 

Atmospheric pressure being taken as 76*0 cm. of mercury, tabulate 
the total pressure, P, and the value of 1/P corresponding to each of the 
above volumes, F, and plot a graph of l/P against F. From this graph 
determine the volume of the chalk above the mercury, indicating how 
you make your deduction. (J.M.B.) 

2. Describe an experiment in which Boyle’s Law is used to determine 
the atmospheric pressure in the laboratory. 

A column of air in a miiform tube, closed at one end, occupies 26*4 cm. 
at atmospheric pressure. When subjected to the pressure of the water 
supply the column of air occupies 20*4 cm. Calculate the pressure of 
the water supply, the atmospheric pressure being 76*5 cm. of mercury. 
(The density of mercury = 13*6 gm. per c.c.) 

How could you confirm the result with an open mercury manometer? 

(J,M.B.) 

3. Explain, with the aid of suitable diagrams, the construction and 
principle of action of a bicycle pump and a tyre valve. 

The bottom of a bicycle pump was closed and the pump was lowered 
into deep water. The pump handle moved in so that, at the deepest 
point reached, the length of the enclosed air column was reduced to 
I of its former value. To what depth was the pump lowered into the 
water? Assume that the barometric pressure was 29*7 in. of mercury, 
and that the specific gravity of mercury is 13*6. (J.M.B.) 

4. Describe a simple form of piston pump for reducing the pressure 
of the air in a closed vessel. If the volume of the pump cylinder is 
and that of the vessel and connecting tubes is F, what reduction in 
pressure is theoretically obtainable after n complete strokes? What, 
in practice, limits the vacuum obtainable ? 

Give a brief account of some method of producing a good vacuum. 

(O. & C.) 
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5. Describe, with diagrams, the construction and mode of action of 
a pump that will reduce the pressure of the air in a vessel to 0-00 i mni. 
of mercur^^ How are pressures of this order of magnitude measiiretl ? 

A piston pump of effective volume 200 c.e, is used to exhaust a vessel 
of volume 1 litre. How many complete strokes will be required te 
reduce the pressure of the air in the vessel to one -hundredth of its initial 
value ? (Neglect the volume of the connecting tubes, etc., and assume 
that the temperature remains constant.) {0. & C.) 

6. Explain the corrections which have to be made to the readings 
of the Fortin barometer to obtain the absolute pressure of the atmo- 
sphere..' 

A little air has leaked into a barometer tube 100 cms. long, Tlie 
mercury stands at the 70 cms. mark when the tube is vertical, and at 
the cms. mark when the tube is inclined at 30° to the vertical. What 
is the atmospheric pressure in mms. of mercury? (O.S.) 

7. Explain what is meant by a coefficient of expansion. 

Describe an experiment to determine the coefficient of volume 
expansion of a fixed mass of air kept at constant pressure. 

The density of argon is 1*60 gm. per litre at 27° C. and at a pressure 
of 75 cm. of mercury. What is the mass of argon in an argon-filled 
electric lamp bulb of volume 100 c.c. if the pressure inside is 75 cm. of 
mercury when the average temperature of the gas is 120° C.? (J.M.B.) 

8. How does the density of a gas vary with its pressure and tem- 
perature? 

Calculate the volume occupied at 27° C. and 720 mm. pressure by 
1 gm. of dry oxygen ; the density of oxygen at k.t.p. being DSC gm. 
per litre. What would be the volume if the oxygen were saturated 
with water vapour, assuming the saturation vapour pressure at 27° C. 
to be 30 mm. of mercury? (C.) 

9. If a gas rigorously obeys Boyle’s Law, and if temperature is 
measured by assuming that the gas obeys Charles’s Law, prove that 
the coefficient of expansion of the gas at constant pressure is equal to 
its coefficient of increase of pressure at constant volume. 

Describe the constant volume gas thermometer, and explain how it 
may be applied to determine the steady temperature of an oil -bath. 
What difficulties are encountered if an accurate value of this tempera- 
ture is required? (C.W.B.) 

10^ Describe a constant volume gas thermometer. How would you 
calibrate such an instrument for use over a range of about - 20° C. 
to 150° C.? 

The bulb of a constant volume gas thermometer contains air and 
sufficient alcohol to keep the air satrirated. The pressure in the bulb 
is 1,168 mm. at 60° C. when the saturated vapour preasure of alcohol 
is 350 mm. What will be the pressure in the bulb at 20° C. when 
the saturated vapour pressure of alcohol is 44 mm.? (C.) 

11. Ltecriba a cons.tant volume air thermometer. Describe in detail 
how you would use it to determine the boiling-point of a salt solution. 
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How would the result compare with that for pure water? How 
would the boiling-point be affected if the solution w^^re allowed to boil 
for some time? 

A balloon is partially inflated to a volume of 5,000 cubic metres at 
ground level where the pressure is 76 cm.- of mercury and the tempera- 
ture 15° C- What will be its volume at a height where the pressure 
is 62 cm. and the temperature 6° C., assuming that the fabric is not 
stretched? (J.M.B.) 

12. State the general laws connecting the pressure, volume, and 
temperature of a gas, and explain how you would verify one of them. 

Two equal glass bulbs are joined by a narrow tube and the whole is 
initially filled with gas at n.t.p. and sealed. What will the pressure 
of the gas become when one of the bulbs is immersed in boiling water 
and the other in ice? (O. & C.) 

13. Explain the difference between the centigrade and the absolute 
scales of temperature. 

It is found that the volume of a certain gas increases in the ratio 
of 1‘035 : 1 between 15° C. and 25° C. Calculate the absolute zero on 
the centigrade scale for this gas. (O. <fc C.) 

14. How would you determine the value of the gas constant, E? 

What errors would be involved in using air at atmospheric pressure in 
making the determination? Which gas would be the most suitable 
one to use for the experiment? ^ (C.S.) 

15. Explain how the coefficient of increase of pressure of air at 
constant volume may be determined experimentally. 

A thin-walled vessel made of quartz, whose expansion is negligible, 
is sealed when it contains dry air at a pressuie and temperature of 75*3 
cm. of mercury and - 22° C. respectively. Calculate the temperature 
to which the vessel can be safely heated, if the maximum internal 
pressure it can be depended upon to withstand without breaking is 
114*0 cm. of mercury. (C.W.B.) 

16. State the law of thermal expansion of a gas, explaining imder 
W'hat conditions it holds, and how you would verify it. 

A vertical tube, a metre long, open at the top, is surrounded by a 
steam jacket. The lower end is connected to a differential pressure 
gauge. Calculate the pressure this will indicate, if the atmospheric 
pressure is 760 mm. of mercury, and the atmospheric temperature is 
15° C. (Density of air at n.t.p. = 0-00129 gm. per c.c.) (O. & C.) 

17. State the laws connecting the pressure, volume, and temperature 
of gases, 

A barometer tube 90 cm. long contains some air above the mercury. 
The reading is 74-5 cm, when the true pressure is 76 cm. and the tem- 
perature 15° C. If the reading is observed to be 75-8 cm. on a day 
when the temperature is 5° C., what is the true pressure? (O. <& C.) 

18. Draw pressure-volume diagrams and pressure -temperature 
diagrams to illustrate how the behaviour of a gas differs from that of a 
saturated vapour. 
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, A bottle fall of water is sealed and placed in a strong container full 
„of air at 15 Ib/per square incli and 10° C. The temperature is raised 
to 100® C.. (a) Calculate the pressure inside the container if the bottle 
of water, has remained, sealed. {6) What happens if .the .water esea,pes 
, from the bottle , and saturates the air? .What will then be , the pressure 
within the container ? (Normal atmospheric pressure should be taken 
as 'll*? lb.; per square inch.)' '''(O.) 

19. Explain very briefly what is meant by the absolute scale of 
temperature and describe an experiment by which the zero of absolute 
.temperature may be determined. 

The height of the mercury column in a uniform barometer tube 
containing some air is 54 cm. when the temperature is 22® C. When 
the temperature is raised to 63® C, the height of the column is 52 cm. 
If the distance of the top of the tube from the level in the cistern is 
100 cm. in each case and the atmospheric pressure is 76 cm. of mercury, 
calculate the temperature of melting ice on the absolute scale. Neglect 
any effects due to the change in temperature of the mercury. (J.M.B.) 

20. Discuss the departures from Boyle’s and Charles’s law in the 

case of the so-called permanent gases ; how are these departures 
explained by the kinetic theory of gases? (C.S.) 

21. Discuss the relation pv — BT for a gas, and describe experiments 
to verify it. To what causes may the departures found be attributed ? 

(C.S.) 

22. State exactly the meaning of the equation pv = BT and give the 

evidence for supposing that B is the same for all gases. Give an account 
of an equation which represents more accurately the equation of state 
of a gas. (C.S.) 

23. What essential conditions must be fulfilled by an absolute scale 
of temperature ? Outline the steps by which a practical thermometer 
can be calibrated in terms of the Kelvin Thermodynamic scale. (O.S.) 

24. Explain what is meant by a difference in temperature of one 
degree C. as shown by (a) a constant-volume hydrogen thermometer, 
(h) a mercury in glass thermometer. Why do observations of the 
same temperature made with these two thermometers differ at different 
parts of the scale? Explain carefully why temperature measurement 
by the gas thermometer is regarded as the more fimdamental. 

Two vessels each of volume 100 c.c., one being at 27° C. and the 
other at 227® C., contain different mixtures of carbon dioxide and 
hydrogen at atmOvSpheric pressure. The contents of the two vessels 
are allowed to mix through a short connecting tube while the tempera- 
ture throughout becomes uniform at 27® 0. The final proportion by 
volume of carbon dioxide in the mixture in both vessels is found to be 
50 per cent. If the initial proportion by volume of carbon dioxide in 
the vessel at 27® C. was 53 per cent., what was the initial proportion by 
volume of carbon dioxide in the hotter vessel ? Any change in volume 
of the containing vessel can be neglected. Assume that the gases 
behave as ideal gases. (J.M.B.) 
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25. Give an account of the kinetic theory of matter, indicating on 

broad lines how this theory explains (a) surface tension, (b) the laws of 
partial pressures of vapours, (c) the absolute zero. ^C.S.) 

26. How is Boyle’s law for gases explained on the kinetic theory? 

Calculate the mean square molecular velocity of hydrogen at O'’ C. 
(1 gm. of hydrogen at C’C. and 760 mm. pressure occupies a volume 
of 11*2 litres.) (C.S.) 

27. Show how the kinetic theory can be used to give information 
about the velocity of the molecules of a gas if the density and pressure 
are known. Explain what average velocity is thus obtained. How is 
the kinetic energy of translation of the molecules, per c.c. of difterent 
gases, related to the pressure? 

The temperature of (a) argon and (6) nitrogen is raised from 0° C. 
to 1® 0, at constant volume. Using the following data, find in each 
case what proportion of the total heat energy given to the gas for this 
purpose takes the form of energy of translation of the molecules. 
Comment on your results and indicate their physical significance. 

Density of argon at 0® C. and a pressure of 10® dynes per sq. cm. 
= 1‘77 gm. per litre. 

Density of nitrogen at 0® C. and a pressure 10® dynes per sq. cm. 
= 1 24 gm. per litre. 

Specific heat of argon at constant volume = 0*074 cal. per gm. per 
degree C, 

Specific heat of nitrogen at constant volume = 0*175 cal. per gm. per 
degree C. 

Joule’s equivalent = 4*2 x lO’^ ergs per calorie. (J.M.B.) 

28. How is it possible to account for Boyle’s law by means of the 
kinetic theory of gases ? 

Draw curves to show how the behaviour of real gases, e.g. hydrogen, 
nitrogen, carbon dioxide, difers from that indicated by Boyle’s law, 
and show how such deviations may be explained by the kiuetic theory. 

(J.M.B.) 

29. Distinguish between the average velocity ” and the “ root 
mean square velocity ” of the molecules of a gas. 

From considerations of kinetic theory obtain an expression for the 
pressure of a gas in terms of the root mean square velocity of the 
molecules. 

Determine the root mean square velocity of hydrogen molecules at 
N.P.T, (Density of hydrogen at n.t.p. is 0*09 gm. per litre ; density of 
mercury is 13*6 gm. per c.c. ; g may be taken as 981 cm./sec.) (C.) 

30. Find the root mean square velocity of the oxygen molecules in 

the atmosphere at 0® C., the density of oxygen at standard temperature 
and pressure being 1*43 x 10“® gm-/c.c. (C.S., part question) 

31. Discuss the assumptions which form the basis of the simple 
kinetic theory of gases and explain under what circumstances the 
simple laws require modification. 

Calculate the root mean square velocity of molecules of a gas for 
which the specific heat at constant pressure is 6*84 cal. per gm. mol. 
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per deg. ' C. the velocity of sound m the gas being i, 300 ' m-etxes per 
second. 

' (Gas constant i? = 8-31 x 10’ ergs per gm. moi. per deg. C.) (J.M.B,.) 

,32. Without deriving any formulae, use. the kinetic theory, of gase.s 
•to. explain (a) how a gas. exerts a pressure, {b) why the temperature of 
a gas rises when the gas is compressed, (c) what happens when a quantity 
of liquid is introduced into a closed vessel. 

How are the differences in the behaviour of real and ideal gases 
explained by the kinetic theory? 

If there are 2-7 x 10^® molecules in a cubic centimetre of gas at 0“ C. 
and 7 6 cm. of mercury pressure, what is the number per cubic centimetre 
(i) at 0° C. and 10"* ® mm. pressure, (ii) at 39° C. and 10“"® mm. pressure ? 

(J.M.B.) 




CHAPTER V 


VAPOURS AND VAPOUR PRESSURE 

In Chapter IV a vapour was defined as a substance in the gaseous 
state below its critical temperature, and a distinction was made 
between saturated and unsaturated vapours. Saturated vapours 
will now be considered in greater detail. 

Saturated vapours. Evaporation is the passage of a substance 
from the liquid to the gaseous state, taking place at the surface of 
the liquid. The rate at which evaporation takes place depends on 
the area of surface, the temperature, and several other factors to 
be discussed later. 

Consider first the evaporation of a liquid into a closed space, 
initially evacuated. The energy of the faster-moving of the 
molecules near the surface of the liquid will enable them to get 
beyond the attraction of the neighbouring molecules, and they wdil 
pass out into the surrounding space. As more and more molecules 
enter the space, the pressure they exert by their collisions with the 
wails of the enclosure increases. But the molecules moving in the 
space above the liquid collide with the liquid surface as well as with 
the w^alis of the enclosure and with one another, and those striking 
the liquid surface may be supposed to return to the liquid. As the 
number of molecules in the space increases, so does the number 
returning to the liquid per second. Eventually a state of affairs 
will be reached at which as many molecules return to the surface per 
second as leave it per second ; when this happens, the number of 
molecules present in the vapour state remains steady, and the 
pressure of the vapour has reached a maximum steady value. The 
space is said to he saturated with vapour, and the vapour itself is 
called a saturated vapour* 

Evaporation has not ceased when saturation occurs ; it continues 
all the while, but is balanced by condensation taking place at 
exactly the same rate. A state of affairs such as this, in which no 
change is apparent because two continually opposing tendencies are 
operating at exactly the same rate, is called dynamic equilibrium* 
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Thus a saturated vapour, at any temperature is a vapour ^ wMch is in 
dynamic equilibrium with its liquid at that temperature. 

Since the, pressure exerted by a gaseous substance is proportional 
to the number of molecules per unit volume, it is clear that the 
pressure of the saturated vapour at any temperature must be the 
greatest pressure that the vapour can exert at that temperature, 
under the conditions considered. 

The effect of altering the volume, the external pressure, or the 
temperature of a saturated vapour can be forecast by continuing 
the foregoing ideas. The fundamental action is the rate of evaporation 
from the surface, for this precedes the return of the molecules which 
establishes equilibrium. Increasing the temperature of the space 
increases the average kinetic energy of the liquid molecules, increases 
the rate of evaporation, and so increases the pressure of the saturated 
vapour. The rate of evaporation from the liquid surface is un- 
affected by either increasing or decreasing the volume of the 
enclosure containing the vapour, and so the pressure of the saturated 
vapour is independent of the volume. If the pressure of the vapour 
in the chamber could be kept at a value very slightly above the 
saturated vapour pressure, more molecules would return to the 
liquid per second than leave it per second, and the whole of the 
vapour would condense ; if the pressure of the vapour in the space 
is maintained at a value very slightly below the saturated vapour 
pressure, fewer molecules return to the liquid per second than leave 
it per second and the whole evaporates. 

To sum up : The pressure exerted by a saturated vapour at any 
temperature is the greatest pressure that the vapour can normally 


exert at that temperature. This pressure is called the saturated 
vapour pressure (s.v.F.), maximum vapour pressure, or often simply the 
vapour pressure of the liquid at that temperature. The value of the 
saturated vapour pressure depends only on the temperature, and 
increases with rise in temperature. It is not affected by changes 
in volume, provided these are not so extreme as to cause ail the 
vapour to condense or ail the liquid to evaporate. This pressure is 
the only pressure at which liquid and vapour can exist together in 
equilibrium for that particular temperature ; for aU greater pres- 
sures, the whole of the substance is in the liquid state, while for aU 
smaller pressures the whole of the substance is in the gaseous state 
as an unsaturated vapour. 
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Dalton’s Law of Partial Pressures* Throughout this argument 
it has been supposed that the enclosure into which evaporation 
occurs is a vacuum to begin with. But it is found experimentally 
that the presence of air or any other gas which does not react with 
the vapour in any way makes no appreciable difference to the 
final state of affairs as between liquid and vapour, though it retards 
the rate at which the final state is reached. If the closed space 
contained air, it might be spoken of as '' air saturated with vapour ”, 
meaning a mixture of air and saturated vapour. 

For example, at 20° C. the s.v.p. of w’ater is 17*5 mm. mercury ; 
when equilibrium is reached at 20° C. between water and w’-ater 
vapour in a space w^hich contains no other material, the pressure in 
the space is 17*5 mm. mercury. But if the space, previous to the 
introduction of the water, contained air at a pressure of 760 mm. 
mercury, the pressure exerted by the saturated vapour would still 
be 17*5 mm. mercury, and the total pressure 760 + 17*5 =777*5 mm. 
mercury. 

This is one of the most important applications of Dalton’s Law 
of Partial Pressures (p. 155), which states that the pressure of a 
mixture of gaseous substances w'hich do not interact in any w'ay is 
equal to the sum of their partial (that is, individual) pressures. 
The law, like most other simple generalisations about gases, is only 
approximately true, but is a satisfactory working rule. 

Evaporation and boiling. Both evaporation and boiling are the 
change of state from liquid to vapour, and both require that latent 
heat should be supplied. Evaporation is invisible, takes place from 
the surface only, takes place at all temperatures, and can be acceler- 
ated by raising the temperature, by increasing the surface area, and 
by promoting the removal of saturated vapour from the neighbour- 
hood of the surface, by pumping it off or driving it away by a 
draught of air. 

Boiling is visible, takes place in the body of the liquid from the 
points at which heat is supplied, takes place at one fixed temperature 
only for a given pressure (^is temperature is called the boiling point) 
and is accelerated only by incxreasing the rate at which heat is 
supplied. The bubbles which form in the boiling liquid and rise to 
the top are, of course, bubbles of saturated vapour, and as these 
do not collapse the pressure inside them (which is the s,v.p. of the 
liquid at that temperature) must equal the external pressure. 
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Hence, the saturated ■ vapour pressure at the hoiliag point equals the 
external pressure on the ' liquid; or, a liquid boils at the, . temperature 
at wMch' the saturated vapour pressure .is exaotlf equal to the external 
pressure,.' , ■ 

vessel heated at the bottom, the pressure at the point where 
the bubbles of vapour originate exceeds the atmmpheric pressure 
{or the applied surface pressure) by the pressure due to the head of 
liquid in the vessel. Thus when a liquid is boiling steadily, the 
temperature at the bottom of the vessel may be a little in excess of 
the true boiling point. When water is heated in a beaker, the earhest 
visible sign of bubbling occurs well below the boiling-point ; trains 
of small bubbles of dissolved air rise to the surface. Next, the 
“ singing ” which precedes boiling is due to the collapse in the upper 
part of the liquid of bubbles of vapour, probably formed round air 
bubbles as nuclei, which were self-supporting when they originated 
in the slightly hotter liquid in the neighbourhood of the source of 
heat. Nuclei of some sort appear to be necessary for the continuous 
steady boiling of a liquid at its true boiling point under a given 
pressure ; without them, bumping ” or delayed boiling occurs. 
This is due to local superheating at the base of the liquid • bubbles 
of vapour do not form until the temperature of the base is well above 
the true boiling point, so that when they are at length formed, the 
pressure in the bubbles is considerably greater than the outside 
pressure, and the bubbles rise with miniature explosions. 

MEASUREMENT OF SATURATED VAPOUR PRESSURE 

There are three general methods for the absolute measurement 
of saturated vapour pressures over a range of temperatures. 

1. The statical method^ in which the depression of a barometer 
column by saturated vapour in the Torricellian space is observed 
directly. This method is satisfactory for vapour pressures of 
between about 2 cm. and 40 cm. of mercury. 

2. The dynamical method, which depends on the fact that a liquid 
boils at the temperature at which its saturated vapour pressure is 
equal to the outside pressure. This is applicable over a very wide 
range of pressures. 

3. The evaporation method, in which the rate of loss of the material 
by free evaporation is observed, and the vapour pressure calculated 
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from this by means of the kinetic --theory. This has been nse-d 
chiefly for such substances as "metals at high .temperatures. 

Statical method. A barometer tube A (Fig. ' -78) is' surrounded by 
a water jacket B provided' with a heater <7, stirrer D, and thermo- 
meter. A little of the liquid- under' investigation is introduced up 
the mercury column by means of a special small pipette^ sufficient 

to form a thin layer over the sur- 
face of the mercury. The heating 
bath is well : stirred and the tem- 
perature taken ; the height of the 
mercury column h is measured. 
This is subtracted from the height 
H of a good barometer recording 
the atmospheric pressure, and the 
difference H -h measures the de- 
pression of the mercury column due 
to the pressure of the saturated 
vapour. It would, of course, be 
better to have the good barometer 
also inside B, and measure H ~ h 
directly. 

There are many sources of error 
in this simple experiment. It is 
difficult to measure the height of 
the mercury column accurately 
through the water jacket. The 

mercury inside the jacket is heated, 
Fig. 78.— Statical method of meas- . .. 
uriiig saturated vapour pressure. density IS less man mat 01 

cold mercury. Allowance should 
be made for the pressure of the layer of liquid over the mercury, 
and also for the effect this liquid exerts on the surface tension 
of the mercury. Also, the whole column must be at a uniform 
temperature. It is not sufficient to take the temperatures at 
different levels and take the average in the hope of correcting 
for non-uniformity thereby. The reason is, that if the tem- 
perature of the vapour column is not exactly uniform, the 
pressure inside the tube is the s.v.p. for the coldest part of 
the tube, since condensation wiU occur there from the hotter 
portions. 
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....Most of these: sources of error in the statical method, were con- 
sidered and corrected for in Eegnault’s careful . experiments. ' The 
apparatus is really unsuitable for the measurement of. .very smal 
vapour pressures, and for pressures much greater than 30 or'.' 40 ,em. 
of mercury . In one case, the pressure to be measured Is going to be 
of the same order as the corrections to be applied, and in the other 
there is the difficulty of keeping a long column satisfactorily at a 
uniform temperature. 

Dynamical method. As a liquid boils when its saturated vapour 
pressure equals the external pressure, the external pressure at the 
boiling point must equal the saturated vapour pressure at the boiling 
point. Hence, observations of the temperatures at which boiling 
occurs under difierent pressures give corresponding readings of 
temperature and saturated vapour pressure. Suitable simple 
apparatus is shown in Fig. 79. The liquid boils in the flask *4, which 
is fitted with a thermometer in the vapour. The reflux condenser B 
condenses the vapour and returns it to the flask. The difference 
between the levels X and Y of the mercury manometer, subtracted 
from the atmospheric pressure if Z is above F, and added to the 
atmospheric pressure if Y is above X, gives the pressure throughout 
the apparatus. The total volume of the apparatus is increased by 
the flask C\ so that gradual and controlled changes in pressure can 
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be produced. Tbe screw clip D separates tlie apparatus from the 
pump, W'hich may be a water filter pump for pressures between about 
2 cm. and 76 cm. of mercury, or a football pump for pressures above 
atmospheric, . 

It is sometimes difficult to grasp exactly how the apparatus 
works. The flask is filled above the liquid with the saturated vapour 
the pressure of which is required, but what happens when most of 
the vapour is condensed in the condenser? The condenser itself 
contains vapour and air, and the space beyond the condenser is full 
of air saturated with vapour at the temperature of the surroundings, 
but as all parts of the apparatus are in communication they must be 
at the same pressure as the inside of the flask. The pressure of the 
air recorded on the manometer is thus the pressure of the saturated 
vapour in the flask. This point has been stressed, because there is 
a tendency to think that the vapour condenses leaving a partial 
vacuum as happens in some elementary experiments of a different 
type, and to forget that the colder portion of the apparatus contains 
air. 

In the course of an experiment, the barometer is first read. The 
pressure in the fiask is adjusted to a suitable value, and the clip 
closed. The steady temperature is read from the thermometer, and 
both the levels of the manometer are read. A series of readings is 
taken in this way. 

The experiment was origmally performed by Regnault, who used 
a stout metal boiler with four thermometers, two in the vapour 

and two in the liquid. The 
thermometers were protected 
by metal tnbulures containing 
mercury, so that the change in 
pressure on their bulbs was 
prevented, and there 'was no 
“ external pressure error 
The method was modified by 
Eamsay and Young, who sur- 
rounded a thermometer bulb 
with cotton wool soaked in 
the liquid under test. Actual 
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Kamsay and Young. 


but the steady thermometer 
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reading gave tite , temperature at wMch liquid and vapour were 
in .equilibrium . under ' the observed pressure.' Fig. 80 shows the 
a.pparatus used. . 

Evapo,ratioii method. Kinetic theory calculations of a type too 
advanced, to give here' enable the number of' molecules striking and 
leaving unit area 'Of a siuface per second in the equilibrium state to be 
calculated for any temperature. This "must equal the number of 
molecules leaving unit area per second whether eqwilibrimn is preserved- 
or not at that same temperature, and so gives the number of molecules 
of the substance w^'Mch are removed perman6nti3^ from unit area per 
second if the evaporation takes place into a high vacuum. The 
formula for the mass lost per square centimetre per second is 

rw ^ ' 

where m is the mass evaporated, p is the saturated vapour pressure, 
T is the absolute temperature, JS the gas constant, and a a constant 
for the material. The experiment thus consists of exposing the 
substance in a vessel of known surface area, in a highly evacuated 
enclosure maintained at the desired temperature, and weighing at 
the beginning and end of a measured interval of time. 

Results. The vapour pressure curve for water. Fig. 81 shows 
how' the S.V.P. of w^ater varies with the temperature. At 
the S.V.F. is not zero, being about 4*7 mm. of mercury. As the 
temperature increases, the curve rises, gradually at first and then 
more steeply. At 100"^ C., the pressure is 760 mm. mercury. The 
curve continues to rise and become steeper until the critical tempera- 
ture is reached. Above this temperature there can, of course, be 
no such thing as saturated water vapour. 

The vapour pressure curves of all other pure liquids are of the same 
general shape. Several empirical formulae for the vapour pressure 
curve have been suggested, but no theoretical equation seems to 
have been established. The Clausius-CIapeyron equation 

LJ 

dT^ T (^2 Vj) ' 

where dp is the small change in vapour pressure corresponding to a 
small change dT in the absolute temperature T,Lis the latent heat 
of evaporation, and and the volumes of umt mass of liquid and 
Kn. ® 
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Fig. 81. — ^Vapour pressure curve Fig. 82. — Boiling point and 

for water. pressure graph for water. 


of vapour respectively, enables dp to be calculated if dT and the other 
quantities are provided. But as L, and are all functions of 
the temperature, it is obviously impossible to obtain the equation 
for the curve from this equation as it stands. 

Variation of boiling point with pressure. As a 
set of values of temperature and s.v.p. are also a 
set of values of boiling point and external pressure, 
the graph of boiling point against pressure is as 
shown in Fig. 82. This is, of course, simply Fig. 81 
replotted with the axes interchanged. 

Simple tube experiment. (Consider a wide capillary 
tube (Fig. 83) sealed at one end, containing a fixed 
mass of air imprisoned by a thread of water. 
This is attached to a scale, and heated in a water 
bath to different known temperatures. If the 
length of the air column is measured at different 
temperatures between about 20° G. and 70° C., and 
if the value of the s.v.p. of water at one of these 
temperatures is known, the values of the s.v.p. at 
the other temperatures can be calculated. 

. .y Let A be the pressure of the atmosphere. If 

Fig. ^—S imple neglect the pressure of the small column of 
tube experiment, water, this is also the pressure of the enclosed 


mixture, of , air, and saturated, water Tapour. , ,At any, tempera- 
ture ^F° absolute, let p be the pressure of the, air,, 'the,s.v.F, "of 
water, and F the, volume of the -inixture, which may eonveniently 
be measured in.' centimetres length of tube. ', 

By ,Balton’s Law- of partial, pressures, 

A ^p +S. 

Now, the air in the tube obeys the gas laws, so we can imagine this 
isolated and calculate its behaviour; while no calculations can, be 
done with the saturated vapour. 

Considering the air pressure alone. 

Now, for the fixed mass of air in the tube, pY [T = constant. 


{A-S)V 
T ^ 


: constant. 


At temperature absolute, let be the observed volume and 
Sj the knowm s.v.p. 

At temperature absolute, let Fg be the observed volume and 
iSg the unknown sat’irated vapour pressure. 


Then 

whence 


(A-S^)V^ (A-^S^W^ 


The “ Wet Flask experiment. The object of this exercise is to 
find the value of the saturated vapour pressure of w’ater at a tempera- 
ture in the neighbourhood of 60° C., its value at air temperature 
being supplied. The operations are almost the same as those of the 
dry fiask experiment (p. 132) except that at the beginning of the 
experiment the inside of the fiask is wet, and the heating of the fiask 
only goes up to about 60° C. 

The empty w^et fiask, with fittings, is -weighed, and heated up to 
about 60° C. (no higher) with the clip open. The clip is then closed, 
the flask removed and the clip opened under cold -water at the 
temperature of the air, which is kno-wn. The high temperature will 
be called abs., and the air temperature abs. After levelling, 

the clip is closed, the outside of the flask dried, and the flask weighed. 
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Finally, the whole ;;flask is' Med;'. mth and weighed. . The 
barometer is read, and tables are used to give the s.v.p. of w^ater at 

air temperature., An 

From the first and third wghings the weight: of water filling the 
whole flask is foimd, while from the second and third weighings the 
weight of water to 'fill up the ■ space ' occupied hy the cold air is 
given. Assuming the density of water' to be unity, ■ we have the; 
volume Fg occupied by a fixed mass of air saturated 'with .water 
vapour at the high temperature — ^this is the total volume of the 
fiask — and also the volume F^ occupied by the same mass of air 
saturated with W'ater vapour at 

Let be the known s,v.P. at the low temperature, the 
unknown s.v.P. at the high temperature, and A the pressure of the 
atmosphere. 

Then, as on p. 187, the pressure of the air at the low temperature 
is (A and at the high temperature (A -S^). Hence, using the 
relation 

^constant 

(AzMEiJAz^. 

whence > 82 = ^ “ {-4 - iSi) ^ • 

Determination of vapour density. The term vapour density as 
used in Chemistry usually refers to the ratio 

density of vapour under given conditions of temp, and pressure 

density of hydrogen under same conditions of temp, and pressure ‘ 

The determination of the absolute density in gm./c.c. is first made, 
and from this the density relative to hydrogen is calculated. 

Several methods are available. Dumas' method is to weigh a 
large bulb of thin glass (Fig, 84) the volume of which is known, insert 
a quantity of the substance in the liquid state, heat the bulb in a 
bath at a known steady temperature above the normal boiling point 
of the liquid until all the liquid has evaporated and the bulb is filled 
with vapour, and seal the tip of the bulb, which is then removed and 
weighed when cool. The mass of vapour occupying a known 
volume at known temperature and prei^ure is thus found ; hence 
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its '■ . density under . these conditions is 
calculated, and can be compared with 
the density of hydrogen at the,, same tem- 
perature, and pressure. 

In Victor Meyer’s apparatus (Fig. 85), a 
weighed quantity of the liquid in a small 
stoppered bottle is held at the' top of a long' Fio. 84.^ — Dumas’ method 
tube, the bulb' B at the lower end of for vajjour density. , 
which is maintained at a steady knoiTO temperature by means 
of a liquid of suitable boiling point. The apparatus is firmly 
sealed, and the smaE bottle A is then dropped into the lower 
bulb. The liquid vaporises, and air (less dense than the vapour) is 
displaced and collected over water or mercury at D, the temperature 
and pressure of the coEeeted air being observed. From this, the mass 
of air which is displaced by the vapour is calculated, and the density 
of the vapour relative to air is simply mass of liquid taken /mass of 
air displaced. This must be so, since if the lower bulb is at, say, 
120° C., and the contents of the bottle on volatilising occupy 
1 C.C., 7 c.c. of air at 120° C. is displaced from the lower bulb 
(though it fills a much smaEer volume in the coUecting vessel). 

The mass of liquid taken vaporises to 




Fig. 85. — Victor Meyer’s 
method for vapour density. 


occupy 7 c.c. at 120° C., and the mass of 
air collected occupies the same volume 
at the same temperature ; thus the ratio 
of the two masses gives the ratio of the 
densities. 

The density relative to hydrogen is 
easily worked out from the density relative 
to air. Alternatively, the volume of air 
coEected can be imagined to be hydrogen 
for the purpose of the calculation. 

The value of the vapour density is 
required so that the molecular weight of 
the substance can be calculated, using 
Avogadro's Hypothesis, which states 
that equal volumes of all gases under 
the same ■ conditions of . temperature 
and pressure contain equal numbers of 
molecules. Hydrogen is known to be 



190 A TEXT-BOOK OF HEAT ; 

diatomic. If the number of ■moleeiiles in 1 c.c. be w., then vapour 
density 

mass of 1 c.c. substance 
’"’mass of 1 c.c. bj^drogen 

mass of n molecules of substance 
~ mass of molecules of hydrogen 

mass of i molecule of substance 
mass of 2 atoms of h 3 'drogen 

I mass of 1 molecule of substance 
mass of 1 atom of hydrogen 

== I molecular weight of substance. 

Or, molecular iveight =2 X vapour densit?/. 



Avogad^o^s bj^pothesis should apply strictly for an ideal gas 
only ; for actual gases it holds best as low densities are attained. 
It is therefore best to measure the vapour density at as low a den.sity 
as possible, certainly as far as possible from saturation. 

Density of a saturated vapour. The density of a saturated vapour 
must be determined directly. Since the gas laws do not hold closely 
up to the point of saturation, the density’- cannot be calculated from 
observations of the vapour density’’ in the iinsaturated condition. 
The density of a saturated vapour was determined by Fairbairn and 
Tate by the following method. 

A weighed amount of liquid was introduced into the bulb A of 
known volume (Fig. 86), and this was surrounded by a tube B 
containing a much larger quantity of the same liquid. The open 



Fio, 86. — Fahbaim and 
Tate’s experiment. 


end of A is immersed in mercur}^ which 
fills the lower end of B, The level of the 
mercury in A is very slightly above that in 
B, on account of the extra liquid in B. The 
whole is immersed in a bath and heated, 
the mercur}^ levels being observed carefulh^ 
As long as the space A is saturated with 
vapour, the pressures in A and B are the 
same, and the mercury levels remain steadj^ 
As soon as the whole of the liquid in A has 
evaporated, and the space begins to be un- 
saturated, the mercury rises in A, since the 
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pressnre of the .still saturated space B increases more .rapidly with 
the: temperature than tlie pressure of' the now unsaturated vapour 
in ^4. The temperature at which the mercury levels .begin to .. alter 
is noted ; the, mass of liquid originally in just fills, it and, just 
saturates it , .at this .temperature,, so ■ the. density of the ' sa.tura.teci 
vapour at this' temperature is known. ■ 

Coliection of a gas over water. When a gas is collected over •water, 
the pressure ' of the gas itself is less than the observed external 
pressure by the pressure of the saturated water vapour with which it 
is necessarily mixed. The following example shows the method of 
correction. 

Example. 197 c.c, of hydrogen are collected over water at '20^ C. 
and 756 mm. pressure. Find the volume occupied by the hydrogen 
at x.T.p. The s.v.p. of water at 20^ C. = 17 -5 mm. 

Using Dalton’s Law of partial pressures, 

pressure of hydrogen = 756 - 17*5 = 738-5 mm. 

1 \ '.^ 273 738-5 , 

volume at n.t.p. “ 19i x x ' = 178-4 c.c. 

If the water vapour pressure is not allowed for, the figure obtained 
IS 182-6 c.c., an error of about 2 per cent being involved. In very 
elementary work in Chemistry the water- vapour correction is often 
neglected on account of its difficulty, yet gieat care is taken to 
ensure that the w^ater levels inside and outside the measuring tube 
are the same. As it would require a difference in levels of nearly 
24 cm. of water to cause an error as great as that made in neglecting 
the vapour pressure in this case, this precaution seems rather 
trivial if the water vapour pressure is not considered. But as the 
column of water standing in a eudiometer or other vessel reduces 
the pressure of the enclosed gas belo^v the outside pressure, and thus 
causes a further error in the same direction as the vapour pressure, 
levelling is at least a step in the right direction. 

Mass of a mixture of air and saturated water vapour. 

Example, Find the mass of a litre of air at 750 mm. pressure and 
20'^ C., saturated with water vapour, given that the density of water 
vapour is 0-625 that of air under the same conditions, and that the 
density of air at n.t.p. is 1-29 gm. per litre. The s.v.p. of water at 
20"^ C. is 17-5 mm. mercury. 

The first step is to apply Dalton’s' Law of partial pressures. 
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The mixture comprises . 

(1) 1 litre of air at 20° .0. and 750 - 17-5 = 7S2;5 ham. pressui'e.,., • 

(2) 1 litre of water vapour at 20° C. and 17-5 mm. pressure. , 

Xow the mass of (1) could be found by reducing the volume to 2 c.t.p. 

and multiplying by the given density. But (although it would give 
the right answer) we cannot apply this treatment to (2), for the very 
good physical reason that, however the aritlirne tic may work out to 
hide such a mistake, we cannot possibly have water vapom at x.t.p. 
(At 0° C. the s.v.F. is 4-7 mm., and water vapom‘ can only exist at Xormal 
Temperature at this or a lower pressure ; at Normal Pressure, wnter 
vapour can only exist at temperatures of 100° C. or higher.) It is 
therefore more sensible to avoid this reduction of the volume to x.t.p., 
and instead to work the other way round, reducing the density of air 
(with wliieh we can take any liberties) to that at the given conditions. 

The density of air at 20° C, and 732*5 mm. is 
, 732*5 273 

= 1*158 gm. per litre. 

The density of air at 20° C. and 17*5 mm. pressure is 
17*5 273 

= 0*0277 gm. per litre. 

The density of water vapour at 17*5 mm. and 20° C. is 
0*0277 X 0*625 = 0*017 gm. per litre. 

Hence the mass of one litre of the mixture is 
1*158 + 0*017=1*175 gm. 

Steam distillation. This is an application of Dalton's Law of 
partial pressures. Nitrobenzene, aniMne, and many organic liquids 
which do not mix with water can be distiiied at temperatures very 
much below their normal boiling points by passing a current of 
steam from a generator through the mixture (maintained at about 
100® 0.) from which it is required to distil the liquid. 

The vapour pressure of nitrobenzene at 99° C. is about 27 mm. of 
mercury, while that of water at the same temperature is 733 mm., 
the total pressure of a mixture of the saturated vapours of the two 
liquids at 99° C. being, by Dalton's Law, 733 + 27 =760 mm. Hence, 
under an external pressure of 760 mm., a mixture of nitrobenzene 
and water should boil at 99° C* So far as the evaporation of the 
nitrobenzene is concerned, this is simply equivalent to distilling it 


- : : ^ m. 

in a partial.vacuuin, at a pressure of 27 mm.— the pressure of ' the 
steam: as it .were “.neiitraiises ” '733 mm,, of. the 'external pressure. 
(A similar principle is ii.sed in -the Electrolux refrigerator described 
on page 208; ; in this, the part of the steam is played by hydrogen.) 
.But the composition of the distillate" is the importaiat thing here. 
On the simple kinetic theory assumption that pressure is proportional 
to the number of molecules per unit volume, for any volume of the 
vapour distilling over 

no. of nitrobenzene molecules pressure of nitrobenzen e 27 
no. of water molecules pressure of water vapour 733 ^ 

and this is the molecular composition of the distillate — ^27 molecules 
in every 760, or about one molecule in 28, are nitrobenzene mole- 
cules. But the moleeuiar weight of ivater is 18, and that of nitro- 
benzene is 123. The masses distilling over are thus in the ratio 

mass of nitrobenzene : mass of water —21 x 123 : 18 x 733, 

or nearly 1 : 4, So one part in five by weight of the distillate is 
nitrobenzene. It can be seen that the chief reason for the effective- 
ness of the method is the low molecular weight of water. 

Vapour pressure of a solution. The vapour pressure of a solution 
is always less than that of the pure solvent. The relation is easily 
worked out for a dilute solution of a non-volatile substance by 
making certain simple assumptions, and can be deduced properly 
by thermodynamics. 

Evaporation from the surface of tho liquid takes place as mole- 
cules of sufficient energy reach the surface from below. For a pure 
liquid, all such molecules are able to leave the surface. Suppose 
that the molecules of the solute behave in the liquid exactly like 
molecules of the solvent in every way, but are unable to evaporate. 
Let the solution contain n moles of solute and N moles of solvent. 
Of the molecules reaching the surface in any given time, a fraction 
njN are solute molecules which do not vaporise, hence the number 
of molecules leaving the surface per second is reduced by a fraction 
njN, and the saturated vapour pressure is reduced in the same ratio. 
Thus, if be the reduction in the s.y.p., which has the value p for 
the pure solvent, 

Bp n 

p N 
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If m be the mass of solute, and M the molecuiar weight, the 
number of moles present % is mJM. It can be seen that, for a given 
mass of' a given solvent, the lowering of the .vapour p,ressure is 
directly proportional to the. mass of solute dissolved, and inversely 
proportional to the molecular weight of the solute. 


^eIeuathn*for $ol^2 -w 
- *tmceasgreatasforsol"7l 


Temperature 

Fig. 87, — Showing effect of concentration on vapour pressure and on 
boiling point. 

It follows that the boiling point of a solution of a non-volatile 
substance is always higher than that of the pure solvent. Consider- 
ing the curves of Fig. 87, the s.v.P. of the pure solvent reaches 
760 mm. at C., while solution 1 must be raised to 6^^ 0. before 
the s.v.P, reaches 760 mm. Solution 2, twice as concentrated as 
solution 1, must he raised to C. before this happens. If the 
concentrations and the changes in vapour pressure are relatively 
small, the curves of Fig. 87 can be regarded as being very nearly 
parallel straight lines. As the lowering of vapour pressure is 
proportional to the molecular concentration (that is, to n/N), 
AE-2AD : and as the lines are regarded as parallel, AC=2A.B. 
Hence, the elevation of the boiling point is, for all practical purposes, 
proportional to the molecular concentration n/N. 

In determining the boiling point of a solution, the thermometer 
must be placed with its bulb in the liquid^ which is maintained in 
steady ebuUition. As has been pomted out on p. 7, a thermo- 
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meter witE its bulb in the vapour -records the temperature at which 
.the .vapour; of the solvent is 'in equilibrium with- the pure solvent 
condensed on the thermometer, and thus registers- the boiling point 
of the pure solvent, and .not the required boiling point of the solution. 

Vapour pressure over a curved surface. Surface tension theory 
shows that, if Pi d3nies per sq. cm. be the pressure on the concave 
side, and po djmes per sq. cm. that on the 
convex side, of a spherical liquid surface of 
radius r .cm. (Fig. .88), then 

where T is the surface tension of the liquid in 
djmes.per cm.' 

Consider a liquid in an enclosure containing only its saturated 
vapour, and let a vertical capillary tube of radius r stand upright 
in the liquid (Fig. 89 ). Let pg be the s.v.p. at the plane surface, 
f i that over the concave surface, and pg j^^st inside the liquid 
in the tube. Let p be the density of the liquid in gm. per c.c., 
a the density of the saturated vapour, in the same units, and let 
h cm. be the vertical height of the column. 



Fig. 88. 


Then 


2T 


f 


and, VTiting down the two expressions for the 
pressure at B inside -and outside the tube, which 
must be the same, 

Eliminating h and jpgj 
2T cr 

Fig. 80. Pz ’^Pi — dynes per sq. cm. 

Thus the vapour pressure over a concave surface of radius r is 
less than that over a plane surface by an amount — - - — - ; 

-*■ T p —O' 

similarly, the vapour pressure over a ednvex surface of radius r 

2T o 

exceeds that over a plane surface by — Some idea of the 

^ ^ r p-o 

size of this difference may be gained by substituting rough values 
and making am approximate calculation. 
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For a water drop of. radius 0*0001 cm. at 20® G., p = 1 gm. per c.c.j 
cr~0*000017 gm. per c.c.,, T=.73 dynes per , cm. Tiie pressure ex- 
. 2x73 0*000017 , 

cess IS ^ " — -r— dynes per sq. cm,., 2o dynes per 'sq. cm,., 

u'OuUi 1 

or about 2 x 10”^ mm. mere^lr 3 ^ ■ 

The effect thus does not seem to be very large for' a reasonabty 
small drop, but it must be remembered that it increases as the 
radius of the drop decreases. It means that drops of liquid alv'a^^s 
tend to evaporate, and the smaller the drop the greater the vapour 
pressure excess, and the faster it evaporates. In a cloud consisting 
of a mixture of drops of different sizes suspended in a space saturated 
with water vapour, the smaller drops (with the greatest vapour 
pressure excess) evaporate, and the larger drops (with the smallest 
vapour pressure excess) grow. It is hard to imagine how a vapour 
can ever condense at all if it has to start with droplets of extremely 
small dimensions. In practice, in the absence of small dust par- 
ticles, which offer a nucleus of appreciable radius to begin with, or 
charged ions the electric field of which tends to increase the radius 
of a drop condensing on them, the vapour pressure can be increased 
considerably beyond the normal saturated vapour pressure before 
condensation occurs. A vapour at a pressure above the saturated 
vapour pressure for that temperature is said to be supersaturated. 
Some degree of supersaturation is usually necessary before a vapour 
will condense at ail, even on nuclei. A very important application 
of the condensation of droplets from a supersaturated vapour 
upon charged ions is the Wilson Cloud Chamber, in %vhich the 
tracks of ionising particles are made visible by the condensation of 
small drops of \rater on the ions they produce in their passage 
through air supersaturated vith water vapour. 

Surface tension also affects the formation of bubbles in a boiling 
liquid. In order to blow a bubble of radius r, there must be a 
pressure excess of 2T/V inside it, so that the s.v.p. must exceed 
the outside pressure by 2T I r before ebulHtion can occur. (The 
2T 


additional 


p-<r 


term is very small and is neglected in this 


argument.) 

At 140® C. for water, dynes per cm. approximately, and 

the s.v.p. of water is about 5 x 10^ dynes per sq. cm. ; so, as the 
atmospheric pressure is about 10^ dynes per sq. cm. the excess is 
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4 X 10® djiw^ per,,sq.. cm. .'The radius of bubbles which would just 
be supported, .from , within by their, o.wn vapour pressure is given, by 
substituting in the equation ■ ' 


pressure excess = 


2T 


whence 


4x10® = 


2x50 


and 


r ==2-0 X 10""^ cm. 


Hence, in order to initiate steam bubbles of this radius, tlie 
temperature of the w^ater would have to be about 140® 0. Once 
the bubble is formed, the pressure excess required decreases as the 
radius increases and the bubble grovrs ; so such a bubble would 
swell rapidly and burst explosively. This is the cause of “ boiling by 
bumping ’’ (p. 181 ), Ordinary water boils steadity at first, as bubbles 
of dissolved air act as nuclei of appreciable radius into which the 
water vapour can evaporate. But after water has been boiled for 
some time so that most of the dissolved air has been removed, 
bumxiing can only be prevented by the addition of small pieces of 
porous pot or other substance, which serve the double purpose of 
providing nuclei and also help to break up large babbles as they rise. 


COOLING DUE TO EVAPORATION 
Whenever a substance changes from the liquid to the vapour 
state, latent heat of evaporation must be supplied. The lower the 
temperature, the greater is the value of the latent heat. This is 
easily seen, since we can turn one gram of w^ater at 20° C. into steam 
at 100° C. either (a) by heating the water first to 100° C., and then 
supplying 540 calories, or (b) by evaporating it at 20° 0. and then 
heating the vapour up to 100° C. As the initial state and final 
result are the same in both eases, the same quantity of heat must 
have been used in both cases. As the specific heat of water vapour 
is considerably less than that of water, the latent heat at 20° C. 
must be considerably greater than that at 100° G. 

If evaporation is promoted and no other source of heat is avail- 
able, the latent heat is drawn from the liquid itself and from its 
surroundings, which are thus cooled. This is the principle of most 
commercial refrigerators, in which a volatile liquid is made to 
» evaporate rapidly, the vapour then being condensed and returned 
by the use of a compressor or some other means. It is also the 
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basis of many simple everyday 'devices, such as the tise of nnglazed 
earthenware for butter coolers'; the earthenware is kept moistened 
with w'ater, and evaporation from the porous surface keeps the 
temperature of the vessel and its contents cool. 

The temperature of the human body is maintained at about 
984° F., whatever the temperature' of the surroundings and the 
nature of the thermal insulation with 'wiiich it is clad. Heat is 
continually generated by the chemical actions vdiich occur in the 
body, and tMs must be dissipated as fast as it is produced if the 
temperature is to remain steady. This dissipation is achieved 
largely by the evaporation from moist internal surfaces of water 
w^hich is exhaled, and by the evaporation of perspiration from the 
skin. If the evaporation is too rapid, as when one sits in a draught, 
a sense of chill and discomfort is felt. If the evaporation is not rapid 
enough, as in a small inadequately ventilated room, the even more 
acute discomfort of stuffiness is produced ; this has little to do 
with the actual temperature or with the accumulation of carbon 
dioxide or “ bad air for it is experienced in the open at all tem- 
peratures in moist climates. It is because the air is so near satura- 
tion that necessary evaporation from the body is reduced below 
the comfort level. The factor which determines personal comfort 
is not how much water vapour the air contains, but hoiv much more 
there is room for at that temperature — ^in other words, how far the air 
is from being saturated with water vapour. 

The moisture content relative to that of saturated air, called the 
relative humidity, is thus the really important quantity which controls 
the evaporation of water from a surface. 

Eelative Humidity. Definition I. The relative humidity of the 
atmosphere is the ratio 

mass of water vapour present in a certain volume of the air 
mass of water vapour required to saturate the same volume at the 
same temperature. 

Assuming that water vapour obeys Boyle’s Law closely right up 
to the point of saturation, the density of the vapour, and hence the 
mass present in a given volume, is proportional to the pressure it 
exerts. This assumption is not quite correct, but the inaccuracy is 
not really important for this purpose. It leads to a second and not 
quite identical definition. 


RELATIVE HUlVimiTY 199 

Befinitioit ;II. :The . relatiYe : hiiinidity of the, atmosphere is the 
ratio 

actual pressure of water vapoar present in the atmosphere 
■. saturated vapour pressure of water at the temperature ' of the 

atmosphere. 

Instruments for determining relative humidity are called hygro- 
meters. These may he classified broadly as : 

(а) absorption hygrometers, which employ definition I, and have to 
be used with tables stating the mass of water vapour to saturate a 
given volume, say 1 cubic metre, of air at different temperatures. 
A set of such tables was compiled by Regnault, The chemical 
h^^grometer is the standard example of this type. 

(б) dew point hygroymters, which employ definition II, and have 
to he used with tables giving the S.V.P. of water at different 
temperatures. 

(c) empirical hygrometers, for which no complete theory has yet 
been worked out. These are by far the most important instru- 
ments. The two chief types are the wet-and-dry bulb hygrometer 
and the hair hygrometer. 

A brief account only of the more important instruments will be 
given here.* 

Chemical hygrometer. In this instrument, a stream of air is 
aspirated slowly over drying tubes, and the gain in weight of the 
tubes and the volume of air passed over are recorded. The mass 
of water vapour actually present in a given volume of air is thus 
calculated, and this is compared with the mass required to saturate 
the same volume of air at the same temperature, as given in tables. 
The apparatus is large and not readily portable, the experiment 
takes a considerable time, rather laborious corrections must be 
applied, and by the time the result has eventually been worked out 
conditions will probably have changed. Its chief use is in the 
laboratory for standardising the simpler types of instrument. 

Dew point hygrometers. The dew point is the temperature to which 
the air must be cooled in order to deposit dew on a surface in contact 
with it. As the cooling takes place at constant pressure, the 
pressures of both air and water vapour are unaffected by it. 

The usual method of determining the dew point is to cool the 

* For further information, the reader should consult ** A Discussion on 
Hygrometry ” (The Physical Society, 1921). 
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surface on whkh dew is ' to- be- deposited, observe tbe temperattire ,of 
the surface at which a film of dew first appears -on it and the tempera- 
ture a;t which the fflm disappears as the surface is allowed to warm 
up again ; the mean of the tw^o temperatures is taken as; the dew 
point. 

At the dew point, water vapour actmlly present, in, the air is 
sufficient to saturate it Thus the actuul pressure of the water 
vapour* in the air is the saturated water vapour pressure a;f. the dew 
point. Hence the relative humidity 

actual water vapour pressure in the air 
"" S.V.P. of water at air temperature 
s.v.p. of water at the dew point 
” s.v.p. of water at air temperature * 

All that is needed then is to observe the air temperature and the 
dew point, and to have available tables of saturated vapour pres- 
sures. For example, if the air temperature is 18-0® C., and dew 
is first deposited at ITO® C. and disappears at 11*8® C., the dew 
point is 11*4® C. From tables, 

s.v.p. of water at 11*4® C. = 10*11 mm. 
s.v.p. of water at 18*0® C. = 15*46 mm. 

Relative humidity =^^^=0-655 = 65*5 per cent. 

The most convenient form of dew-point hygrometer is that due 
to Regnauit (Fig. 90). Two glass tul^s are mounted side by side, 
the lower end of each tube being closed by a thin highly polished 
silver thimble. One tube contains a quantity of ether, through 
which air entering by the tube shown is bubbled by connecting 
the outlet tube to an aspirator or filter pump. This stream of air 
both provides a large surface from which the ether can evaporate 
(the interior surface of the bubbles) and also removes air saturated 
with ether vapour, so that the ether evaporates rapidly, with 
consequent cooling of the silver thimble. The observer, standing 
some distance away, takes the reading of the thermometer at the 
instant when the dew is first noticed on the thimble. Comparison 
with the appearance of the thimble on the second tube enables 
this to be judged with considerable accuracy, and the thermometer 
in this gives the air temperature » The flow of air is then stopped, 
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and the thimble is allowed to r 

warm up again, the temperature ■ 
of the thermometer being read ' 
when the last, trace of dew has 
disappeared. ' As the thermometer ■ 
is close to the thimble, and as . . t ^ M 
daring the cooling part of the ^ 

experiment the current of air stirs ^ 

the ether well, it can be taken 
that the reading of the thermo- s- s. 
meter does give the temperature 'o 
of the thimble surface fairly -j" 

accurately. Ezer Griffiths found, 
by connecting one junction of a ^ 1 1 

thermocouple to the outside of the 
thimble and the other junction to 
the thermometer bulb, that with 
this type of thimble the difference 
between the thermometer reading 
and the true thimble temperature at the instant of deposition and 
vanishing of the dew film was about 0*3° G. 

The chief experimental difficulties with the dew-point method 
are in observing the instant at which dew appears, and in the 
uncertainty as to how far. the temperature of the thermometer 
represents that of the surface. Many of the earlier forms of dew- 
point hygrometer failed in one or both of these respects. Also, the 
instrument should be used in still air, since the temperature at which 
dew is deposited from a current of air streaming past the surface is 
lower than the true dew point. The observer himself is a source of 
water vapour, and should stand as far from the apparatus as possible. 

In a modern form of Regnault’s hygrometer, due to Griffiths, a 
sample of air is trapped in a cubical box containing the silver 
thimble, which is observed through a window ; it is then certain 
that the air is still and that the observer caimot afreet the result. 
A distant-reading form of dew-point hygrometer has also been 
devised by Griffiths. This uses the fact that the formation of a fine 
film of dew on a polished surface causes a huge decrease in its 
reflecting power for radiant heat. Radiation from an incandescent 
lamp is reflected from the cooled surface on to a concave mirror 
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which concentrates the beam on a thermoconple connected to a 
galvanometer. A decrease in the thermocouple reading indicates 
at once when the surface is dimmed by dew. The temperature of 
the cooled surface is also read by a thermocouple. 

To the student, the dew-point hygrometer probably seems very 
satisfactory, since the theory of it is so straightforward. The chief 
disadvantages for industrial and meteorological work are that a 
certain degree of sldli is required for its operation, and that it 
cannot as yet be adapted to the production of continuous 
records. ® 

Wet-and-dry bulb hygrometer. When a thermometer bulb is 
covered with w’et muslin which is kept moist by means of a wick 
dipping into a vessel of pure water, the thermometer will record 
a temperature which is lower than the true temperature of the 
air unless the air is completely saturated. The difference 
does not depend at all on the size or shape of the thermometer 
bulb ; subject to certain conditions to be mentioned later, it varies 
only with the relative humidity of the atmosphere. An ordinary 
thermometer is usually mounted by the side of this, to give the air 
temperature t, and the whole apparatus is called the wet-and-dry 
bulb hygrometer. 

The theory can be outlined in a general way. The lower the 
relative humidity the more rapidly will evaporat on take place from 
the muslin ; and the faster the evaporation the more rapidly is the 
necessary latent heat abstracted from the thermometer bulb, and 
the lower is the steady temperature to be reached before this is 
balanced by heat gained from the air. As the problem seems 
essentially to be that of furnishing latent heat from the surrounding 
air, it seems reasonable that the intermediate surfaces involved (the 
muslin and bulb itself) should not affect the steady state of affairs, 
since they are always at a steady temperature. 


The deduction of an explicit formula giving relative humidity 
in terms of the difference {t^t^) is a formidable task, as so many 
factors are involved. Theoretical formulae were derived by Clerk 
Maxwell for still air, and by 6. 1. Taylor for moving air. Regnault 
employed an empirical formula advanced earlier by August and 

p-f.-APtt-t.). 

where p is the actual vapour pressure, the s.v.p. at the wet-bulb 
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temperature, P the atmospheric' pressure, and j. a “constant'’. 
Having calculated:|>, the relative humidity is obtained by dividing -p 
by the^ s.v.p. at thus constructing tables from which the relative 
humi(hty for a given i and can be read. Regnault’s formula is 
the basis of the tables now in use in Great Britain. 

The value of the “ constant " A depends on the strength of the 
air-draught past the wet hulb if this- is small, though its value is 
constant for all speeds exceeding about. 2-5 metres per sec. Thus the 
speed of the, draught if low must be known, so that the appropriate 
A can be used ; or else an artificial strong wind ’’ exceeding 2*5 
metres/sec. must be maintained. 

The standard British instrument, Mason^s hygrometer, is intended 
to be exposed in a Stevenson screen, the ventilating lou^Tes of which 
are assumed to give a “ light air ’’ draught of 1-1*5 metres/sec. The 
]\Ieteoroiogical Office Hygrometric Tables are based on A for a draught 
of this speed. The value of A varies slightly with because the 
latent heat of evaporation varies, with '-temperature, but this small 
effect is neglected in British tables. 

Below 0° C. the wet bulb may be found coated with either super- 
cooled water or ice. The standard practice is then to brush the wet 
bulb wdth distilled water at 0® C. This coats the bulb with ice for 
certain. Now, below O'' C. the S.V.B. of water vapour in equilibrium 
vdth ice is less than the s.v.P. of water vapour in equilibrium 
with liquid water. The depression of the iced bulb depends on how 
far the air is from saturation tmth respect to ice. In the 1940 edition 
of the Hygrometric Tables, the relative humidity at temperatures 
below 0" C. is defined as the ratio actual vapour pressure/s. v.p. 
over ice at the dry -bulb temperature and the tables for use below 
the freezing point give this quantity. If the actual vapour pressure 
lies between the values for the S.V.P. over water and the s.v.r. over 
ice, the reading of the ice-coated wet bulb is above that of the dry 
bulb, since the air is supersaturated with respect to ice. The relative 
humidity with respect to ice then exceeds 100 per cent. ! 

Aspirated hygrometers, or psychrometers, are used in confined 
spaces, and are also favoured as standard meteorological instru- 
ments in some countries. By whirling the instrument on a sling, 
or other suitable means, a draught in excess of 2*5 metres sec. 
is obtained ; tables based on the strong wind ” value of A are 
employed. 
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Fig. 91 shows the ^Assmaan psychro-; 
meter, in which the necessary Yentilation; 
is provided hy a cloclavork-diiven fail. 
/Before, each observation the clockwork. 

■ is wound up, and the muslin,; round the 
wet bulb moistened by distilled water' 
from, a rubber bag.' The bulbs of The 
• thermometers proj ect through theiiiverted 
U portion of the ' ventilation tube, the 
open ends of wTich are highly polished 
to act as a radiation screen. 

The Cambridge Instrument Co. manu- 
factures recording hygrometers (or hy gro- 
graphs) which use the wet-and-dry bulb 
principle. Mercury-in-steei thermometers, 
or electrical resistance thermometers, are 
used. Each thermometer operates its 
ovm recording pen, wTich traces out a 
line on a chart driven by clockwork. 
From these traces, the relative humidity 
at any instant can be foimd from the 
usual tables. In other forms of instru- 
ment, the relative humidity may be 
recorded directly by a single tracing pen. Such apparatus has been 
adapted to the control of relative humidity in air-conditioning 
plants, by causing the recording apparatus at the same time to 
operate a valve controlling the moisture intake to the chamber 
concerned. 

Hair hygrometer. Human hair increases in length as the relative 
humidity of the surrounding air increases, the difference between 
the length in dry air and that in satuiuted air being of the order of 
3 per cent. The hair hygrometer, first invented by de Saussui-e in 
1783, uses this change in length to move a pointer over a dial wTich 
is graduated to read the relative humidity of the air directly. It 
was formerly thought that the instrument was extremely crude, 
and it was found that the readings were not self-consistent and 
tended to change with age and exposure. The unreliability is 
probably due to two causes : permanent elongation of the hair 
which is always under tension, and fouling of the surface of the hair, 



Fig. 91. 

Assmann psychrometer. 
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As work has to. be , 'done in, order to .rotate the po,inter, a certain 
tension mnst be mamtamed' in the ’.fibre ; {the, small spring b in 
Fig. 92 is for. this purpose),’ The smaller this tension., the more 
reliable the in,strument,’ should ’be. : The instrument should be 
calibrated at interTals under normal working conditions ; it is then 
satisfactory enough.. 

The chief advantages of the hair hygrometer are : (i) It can be 
used dt temperatures below 0° C. without any modification. For this 



reason it is the standard meteorological hygrometer in Norway and 
elsewhere. (2) It gives direct readings of the relative humidity, 
requiring no skill whatever to read it. (3) It is rapid and con- 
tinuous in its readings. (4) It is small and portable. 

Most ordinary recording hygrographs use bundles of hairs as 
the sensitive elements. The following instructions are given by 
Messrs. CaseHa and Co. for use with their hygrographs : “ The 

bundle of hairs should be wetted once a week with a camel hair 
brush. When they are thoroughly wet the pen should read 95 per 
cent. If it does not, adjustment may be made by means of the 
screw at one end of the bundle. The reason why this figure is not 
100 per ^nt. is. that the weight of water on' the hairs depresses 
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them slightly. The h^’^grograph , may ' be adjusted by' comparing 
its readings -with .an., aspirated hygrometer (i.e. wet, and .dry , bulb 
t}i)e).” 

The measurement and control (by '' air-conditioning of relatiTe 
humidity is of great importance in many industries, particuiariy in 
the manufacturing ' of ., textiles, the seasoning of timber, and the 
storage of various foodstuffs. 

Other methods of measuring relative humidity.. The folloTiing 
are among the many methods which have been suggested for the 
measurement of relative humidity , in various circumstances. 

L Heating of mUoKU Perfectly dr}^ cotton is warmed appreciably 
when brought into a moist atmosphere. . The change in tempera- 
ture, which depends on the relative humidity, is sufficient to be 
observed with a delicate thermometer; but this is rather a slow 
process. 

2. Electrical resistance of a ground glass surface. Glass, partic- 
ularly ground glass, is hygroscopic, and the amount of moisture 
collected by the surface depends on the relative humidity ; this 
affects the electrical resistance of the surface. Unfortunately, this 
does not appear to work very consistently. 

3. Befractive index of glycerin. Glycerin absorbs moisture until 
the vapour pressure of the mixture equals the pressure of the water 
vapour in the atmosphere ; the composition of the equilibrium 
mixture can be ascertained from its refractive index. It is essential 
that only a thin film of liquid be exposed, for example, a smear of 
glycerin on a cigarette paper. A refractometer of the t;vq)e used 
for finding the refractive index of a small quantity of liquid can 
be calibrated to give relative humidities directly. 

4. Thermal condmdivity. The " Katharometer ”, which is de- 
scribed later (p. 354), is normally used for the measurement of 
small proportions of hydrogen or carbon dioxide in the air. These 
gases, on account of the considerable difference in molecular weight, 
ha\^e thermal conductivities which are respectively much greater 
and much less than that of air. The method should, if' water vapour 
is the only " foreign gas ” present in the air, also be applicable to 
the determination of the percentage of water vapour in the air, by 
comparing the thermal conductivity of the sample chosen with that 
of dry air. This method would give the absolute percentage of 
water vapour, not the relative humidity ; consequently at low 
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2m. 

temperatures, wlien the absolute percentage is ¥ery smaD even at 
high relative humidity, this method is very insensitive. 

Further accounts of these and one or two other methods wiB. be 
found in the ''Discussion on Hygrometry ” mentioned on p; 199. 
Lest it should be thought that they have been dismissed summarily 
here, it must be remembered that ''the important matter is the 
practical utility of the instrument in service conditions, rather than 
its scientific precision in conditions which are appropriate to a 
well-equipped laboratory as Sir Napier Shaw states in emphasising 
the great practical importance of the simplest of all such instru- 
ments, the hair hygrometer. 

In conclusion, mention must be made of an improved type of 
electric h 3 ^grometer described in 1939 by F. W. Dunmore. A small 
aluminium tube, about in. long and f in. diameter, is coated 
with an insulatiag layer of polystyrene resin. Two coils of pallad- 
ium we are -wound, side by side, over this, 
as show in the diagram (Fig. 93). The 
surface of the iasulator is then covered with 
a thin film of lithium chloride solution 
mixed with partially hydrolysed polyvinyl 
acetate. The lithium chloride solution is ^ 
the hygroscopic material, and the acetate ®’ekctrie‘hJSSi°^ 
serves as a binder so that a very thin 

uniform film is obtainable, at the same time being slightly hygro- 
scopic itself. The resistance of the film between the two 
palladium wires depends on the proportion of absorbed water, and 
thus on the relative humidity. It is usual to use a battery of 
several such tubes, each with a lithium chloride solution of difierent 
concentration, for different humidity ranges. Such a battery with 
a resistance of 7 megohms at 10% humidity has a resistance of only 
0-15 megohms at 90% relative humidity. The design of the 
instrument, and the very thin film used, make it very rapid in 
action. It is used in " radio-sonde balloons, which are sent up 
to the upper atmosphere carrying instruments and a small radio 
transmitter which signals the indications of the instruments ; thus 
readings of the relative humidity at great heights are obtained. 

Eefiigerators. Fig. 94 illustrates the principle of the usual type 
of refrigerating machine, in which the evaporation of a suitable 
liquid abstracts latent heat from the surroundings. 
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The vessel A /coEtains. a pipe, 
coil wMch Is.'Surroiindeci by the 
substance to be .chilled, nsnally 
calcium' .chloride \ brine. : . .The 
liquid evaporates, . inside:,, this 
coil, cooling the brine by the 
abstraction of heat. The pump 
B removes the ' vapour and 
condenses it in the pipe passing 
through the vessel <7, which eontains cold water to remove the 
latent heat given up. The liquid passes through a valve to the 
pipe in A, whence the whole cycle of events is repeated. 

Sulphur dioxide, carbon dioxide, and ammonia are among the 
substances commonly used as refrigerants, though several suitable 
organic liquids are also used. The material chosen depends on the 
use to which the refrigerator is to be put. Sulphur dioxide requires 
a plant of large volume, and at very low temperatures its vapour 
pressure is so low that there is the risk of air leaking into the plant ; 
hence it is not used for the production of very low temperatures. 
Carbon dioxide requires very high pressures, but the volume of the 
plant is small, hence it is chiefly favoured for installations on board 
ship. Ammonia is probably most generally used in ordinary small 
installations. Modern organic refrigerants include '' Freon 
(CClgFg), and sevemi other volatile hydrocarbon derivatives of 
similar type. 

The ^‘Electrolux” refrigerator works on the same thermal 
principle, but without the use of a mechanical compressor. 
Ammonia, which is very soluble in water, is used as the refrigerant. 
The apparatus (Fig. 95) contains four main units — ^the boiler A, in 
which ammonia gas is generated from a concentrated aqueous 
solution by an electric heater H ; the condenser B, surrounded by a 
cold water jacket or cooled by radiator fins, in which the ammonia 
gas condenses to ammonia liquid; the evaporator C, inside the 
space to be cooled, m which the liquid ammonia evaporates ; and 
the absorber i>, cooled by a water jacket, in which ammonia gas is 
absorbed in a weak aqueous solution of ammonia. 

Hydrogen circulates between D and G, entering at the top of 0 
with the liquid ammonia, leaving at the bottom with the ammonia 
vapour, and passing through D unchanged while the ammonia 




Hydrogen + gaseous HMi 


Fig. 95. — Electrolux refrigerator. 

dissolves. The strong aqueous solution from the bottom of D is 
pumped to the top of A by winding the tube round the heater Ey 
so that bubbles of vapour are formed in the tube. The circulation 
of hydrogen between C and D really performs the evaporating (low 
pressure) fimction of the pump in the ordinary refrigerator, while 
the circulation of water between A and I) corresponds to the 
condensing action (high pressure) in the simple scheme of Fig. 94. 

Vapour pressure thermostats. The vapour pressure of a suitable 
volatile liquid can be used to operate a simple and very ingenious 
t3q)e of thermostat (Fig. 96}. The liquid is contained in a metal 
tube, which commimicates by means of a fine capillary tube with a 
flexible metallic beilow^s which, when expanded by the vapour 
pressure of the liquid, closes a switch in the electrical heating circuit 
it is set to control. Movement of the bellow’^s is opposed by a 
spring, which is adjusted by the knob shown on the right of the 
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Fig. 96. — ^Vapour-presssure thermostat. 
UeiiTodueed by courtesy of the British Thermostat Co., Lid. 


instrument, so that the pressure required to work the switch, and 
hence the temperature which is maintained, can be varied. The 
temperature scale for setting the instrument is shovm in front of the 
spring in Fig. 96. 

FUSION 

For a pure crystailine solid, the change of state from solid to 
liquid (the act of fusion) takes place at a single definite temperature 
under a fixed pressure. This temperature is called the melting 
point for that pressure. Properly defined, the melting point at a given 
pressure is the temperature at which solid and liquid are in equilibrium 
under that pressure. The surface layers of the solid are the fii'st to 
melt. Impure substances, mixtures, and non-ctystalline substances 
do not as a rule have a sharp melting point ; for example, waxes 
behave in this w^ay, and glass (wFich is usually regarded as a super- 
cooled liquid) gradually softens throughout its bulk as the tempera- 
ture is raised. 

Fusion is accompanied by a change in volume, which may be 
either an increase or a decrease. Ice is less dense than the ivater 
it forms, consequently there is a decrease in volume when ice melts ; 
but solid wax is denser than molten wax, so there is an increase 
in volume when wax melts. 

Determination of the melting point of naphthalene. A thin 
glass test-tube containing a thermometer is about one third filled 
with crystals of naphthalene and heated to lOO"^ C. in a w^ater bath. 
It is then quickly removed, and suspended in an empty beaker to 
protect it from draughts. Readings of the temperature are taken 
each minute, until the temperature has fallen to about 40"" C., and 
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a graph of temperature against time is plotted. If the liquid be 
well stirred as long as this is possible, the curve obtained will be as 
A BCD {Fig. 97), the iat horizontal portion indieating that latent 
heat is being evolved during .the change of, state. If the liquid is 
not stirred, & ^ curve such as 
ABEFGD may be obtained.' 

Along the portion 'BJJ the sub-- 
stance, although below the true 
melting point, is still liquid ; 
it is said to be a supercooled ^ 
liquid. At solidification | 
begins, and the latent heat §• 
evolved raises the temperature 
to the true melting point, after 
which matters proceed nor- 
mally. When the solid melts, 
it does so invariably and 
sharply at the melting point; Fig. 97.~A:ooiiiig cui^^© for naphthalene, 
hence the steady equilibrium 

temperature is often referred to as “ the meltmg point of the solid ” 
rather than ‘‘ the freezing point of the liquid 

Effect of pressure on the melting point. The effect of a change 
of pressure on the melting point depends on whether the substance 
expands or contracts in volume when the change of state occurs. 
For a substance which contracts on melting (such as ice), increasing 
the pressure lowers the melting point, while decreasing the pressure 
raises the melting point. For a substance which expands on 
melting (such as wax), increasing the pressure raises the melting 
point, while decreasing the pressure lowers the melting point. 

This might be expected from general considerations. In the case 
of ice, for example, if the pressure is increased this aids contraction 
and hence aids melting of the solid, which should thus take place 
more readily, or at a lower temperature. This line of argument, 
properly developed by thermodjmamics, not only explains the 
change in melting point, but also enables the size of the change to 
be calculated. The formula derived (the Clausius-CIapeyron 
equation rearranged) is 
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where dT is the change in the absolute temperature T of the 
melting point caused by change in pressure L is the latent heat 
of fusion in cal. per gram, the volume of unit mass of the solid, 
and the volume of unit mass of the liquid. 

If Uo is greater than Vi, the substance expands on melting, and 
dTjdp is positive, whence increasing the pressure raises the melting 
point. If t ’2 substance contracts on melting, 

dTjdp is negative, vhence increasing the pressure lowers the melting 
point. 

The Clausius-Clapeyron equation applied to the melting of ice 
indicates a fall in melting point of 0-0072® C. per atmosphere increase 
of pressure. Experiments by James Thomson and by Dewar give 
actual results of about 0-0075® C. fall per atmosphere increase. 

Eegelation. A handful of freshly fallen soft snow “ binds into 
a snowball of ice under gentle squeezing of the hands. The snow 
consists of small ice crystals at about O*^ C. ; when they are squeezed, 
the pressure over the small areas of contact between adjacent 
crystals is large, the melting point is lowered below 0® C., and the 
crystals melt at these places. Releasing the pressure enables 
solidification to take place at 0° C. again, with the result that the 
crystals are now welded together in a solid mass (re-freezing, or 
regelation). If the snow is at a temperature much below 0® C., 
snowballs cannot readily be made. It may be that, over the very 
small area of contact between the crystals, a gentle squeeze may 
give a pressure between the surfaces equivalent to about 100 
atmospheres. Tiiis should low^er the melting point by 100 x 0-0075® 
to -0*75® C. But if the temperature of the crystals is initially 
-1-0® C., this will not sufiftce to produce melting at the edges in 
contact. 

The famous regelation experiment due to Faraday, in w^hich a 
loaded metal wire hung over a block of ice cuts its way through, 
leaving the ice intact, depends for its successful operation on the 
transfer of latent heat through the wire. Beneath the wire the ice is 
melted under pressure, and receives the necessary latent heat from 
above. The water thus formed flows over the wire, and gives out 
latent heat as it freezes again at 0® C. Heat must thus be conducted 
steadily downwards through the wire, acrass which there must be 
a small temperature gradient. If this is tme, a copper wire should 
be much more effective than an iron one of the same diameter. 
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Mtioli of the ineffectiveness of. ordinary ■ string in this experiment 
may be due to, its poor .conductivity, though any soft substance 
viil obviously offer a , large , area of contact and h.ence apply a 
relatively small .pressure. 

The slipperiiiess of ice is ■ due , to its melting under pressure, 
affording a lubricating film of water. . 

Sublimation, The vaporisation of solids. The process of evapora- 
tion is not confined to liquids ; all solids behave in this wa3' as 
v'ell. Solids with a marked smell, such as naphthalene and cam- 
phor, must vaporise appreciably and exert a measurable vapour 
pressure. Normal soHds which are regarded as non- volatile have 
infinitesimally small vapour pressures at ordinary temperatures. 

Iodine, carbon dioxide, and ice are three vnll-known examples 
of substances which pass directly from the solid to the vapour state 
at temperatures below the ordinary melting 
point ; this process, or the complete opera- 
tion of vaporisatioxi and then condensation 
of the vapour to solid again (the counter- 
part of the distillation of a liquid), is called 
sublimation. 

The saturated vapour pressure of ice at 
different temperatures can be measured by 
an adaptation of the barometer-tube 
method (in which the ice is contained in a 
bulb E at the top of the tube, which is 
immersed in a suitable freezing mixture, as 
in Fig. 98), or by the method of Ramsay and 
Young. The results give a curve of s.v.n. 
against temperature which is not a con- 
tinuation of the vapour-pressure curve for 
water ; the two graphs intersect at an angle. 

The triple point. Water-substance is 
chosen in the following argument as the 
experimental results are familiar. The 
conclusions are true for ail substances 
which do not undergo change in composi- 
tion, if we substitute the words ‘‘ solid 
for “ ice “ liquid ” for “ water and 
« Yapour for “ steam ’b s.v.f. at low temperattom. 
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The graph of s.y.p. against temperature for water is the locus of 
all sets of values of the two variables pressure p and temperature ^ 
at which water and its vapour can exist ' together in equilibrium 
this gi*aph is called the boiling curve or steam line. 

The graph of s.v.p. against temperature for ice is the locus of all 
sets of values of the two variables p and t at which ice and, its 
vapour can exist together in equilibrium ; this is the : sublimation 
curve or hoarfrost line. 

The graph of pressure against freezing point is the locus of all 
sets of values of the two variables p and t at which water and ice 
can exist together in equilibrium. This is called the solidification 
curve, or ice line. 

All these curves can be plotted on the same diagram (Fig. 99, 
which is not drawn to scale). AB represents the steam hue, 
GA the hoarfrost line, and AD the ice line, sloping backwards 
slightly, since increasing p lowers t (for a substance contracting on 
solidifying it would slope forwards). All three curves intersect in 
one point A, This point is called the triple point. It should be 
mentioned that A is not quite at 0"^ C., but a Httle above it ; since, 
under the pressure of its own saturated vapour at that temperature, 
the melting point of ice is about +0*0075® C. 

These curves can be regarded as lines bounding three different 
areas of the diagram in which the different states alone are 
possible. Eelow GAB, the substance is entirely in the form of 
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vapour ; \ in .. the space BA B , ' it 
is entirely',,, liquid ; and in the 
space bounded by C^4D, entirely 


To prove that the three 'lines ' 

must meet in a point, consider ^ ^ 

what must happen if this is 

not the case. Suppose, as in intersections of 

Fig. 100, the hoarfrost and steam 

lines intersect at the ice line and the steam line intersect 
at A^y and the ice line and the hoarfrost line at A^, What 
would be the state of the substance at points within the triangle 
As it is below the hoarfrost line, the substance is en- 
tirely vapour ; as it is above the steam line, the substance is entirely 
liquid ; and as it is to the left of the ice Ime, the substance is 
entirely solid. So the region bounded by A^A^A^ represents 
an impossible state of affairs, whence it is inferred that the 
triangle A-^A^A^ cannot exist, and the three lines must be 
concurrent. 


Degrees of freedom. The phase rule. Providing only that we 
keep within the conditions of the space DAB of Fig. 99, we can 
obtain water-substance at any -p and t chosen at We have two 
free choices, and the system water alone can be said to have two 
degrees of freedom. Similarly, subject only to the limits of the 
spaces bounded by the appropriate lines, we can have ice akme or 
steam alone at any chosen p and L 

Now, in constructing any one of these lines, say the steam line, 
experimentally, the procedure is to vary at will one of the variables 
f or t, and observe the change in the other. That is, we can choose 
a value of f and observe the resulting value of or we can choose a 
value of t and observe the resulting value of p. We camaot vary 
both p and t at will. The system water + saturated water vapour thus 
has one degree of freedom, or one condition only that can be varied 
at will. Similarly, the ice line and the hoarfrost line each indicate 
conditions under w^hich two states can coexist together, but each 
equilibrium system has only one degree of freedom. 

Finally, at the triple point A, both the temperature and the 
pressure are fixed. Under no other conditions can the three states 
ice, water, and water vapour exist together in equilibrium. When 
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all three states are in equilibrium there is no choice open, no possi- 
bility of varjdng an}i:hing, and thus no degrees of freedom. 

These results can be generalised to apply to ail equilibrium 
conditions. For any system, the number of campowenfe is defined 
as the number of distinct chemical species involved. In the case 
considered here, we have "vvater-substance throughout, and the 
S 3 "stem has only one component. The different states involved are 
called the phases of the system ; the single component can exist in 
three phases, solid, liquid, or gaseous. For this one-component 
system the following table summarises the way in which the number 
of degrees of freedom depends on the number of phases. 


Xo. of pliases, P. 

Xo. of degrees of 
freedom, F. 

P+F. 

1 

2 

3 

2 

1 

3 

3 

0 

3 


Thus, for ail possible conditions of a one- component system the 
sum (P + F) is 3, which equals {no. of components + 2), 

This can be generalised for any system containing any number of 
components, writing C for the number of components, when 

P + F=:^C + 2. 

In words, the sum of the number of phases and the number of degrees 
of freedom exceeds the number of components by two. 

This statement is knowm as the Phase Buie. It was first enunciated 
by WiUard Gibbs. 

Effect of dissolved substances on the freezing point. When an 
aqueous solution is cooled, the freezing point is lowered, and the 
first solid portion to appear is pure ice. The freezing point of a 
solution is defined as that temperature at which the solution is in 
equilibrium with the solid solvent. The lowering of the freezing 
point by the dissolved substance is proportional to the concentra- 
tion of the solute. This statement is knovm as Blagden's Law. 

It has been shown that the vapour pressure of the solution of a 

non- volatile substance is lowered according to the formula ~ , 

p A 

and thus the ‘‘ steam line ’’ is lowered to an extent which is pro- 
portional to the molecular concentration. 
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In Fig. 101, AX is the vapour-pressure curve of the pure liquid 
solvent, YA that for the solid solvent, the melting point or freezing 
point being given by the point of intersection of these two lines. 
Curves lower than Xil intersect the line YA at points such as F 
and Q, which correspond to temperatures 6-^ and B^, lower than the 
normal freezing point of the pure solvent, 6. 

Suppose that the molecular concentration of the solute in 
solution 2 (for which 8Q is the “ steam line is twice that of 
solution 1 (for which EP is the corresponding line) ; 8Q is then 
twice as far below <4 X as is i^P, and if the curves are all approxi- 
mately straight Hues, AQ~2AP and B - That is, 

the depression of the freezing point is proportional to the concentra- 
tion in moles of solute per mole of solvent. 

Equilibrium diagrams for mixtures. The two curves of Fig. i02 
for a solution of common salt in water show how the temperature 
of equilibrium depends on the concentration. Starting at A with 
a weak solution of salt at 0° C. and cooling it, pure ice separates out, 
increasing the concentration of salt in the remainder and lowering 
its freezing point stiU further. Pure ice continues to separate out 
until the point indicated by C is reached, at a temperature of 
“21® C. and a concentration of about 23 per cent, of salt. Simi- 
larly, starting with a strong solution containing about 27 per cent, 
of salt at B and cooling it, salt crystallises out leaving behind a 
w'eaker solution which on cooling still further deposits more salt, 
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Fig. 102. — Equilibrium diagram for salt solution. 

until eventually the point C is reached. To the left of C then, the 
solid deposited on cooling is pure ice ; to the right of CV the solid 
is pure salt. At 0, both ice and salt are deposited together, or the 
substance appears to solidify as a whole. Hence, a mixture of which 
the composition is that for the point C has a definite freezing 
point, behaving in this respect like a pure substance. The point G 
is called the cryohydric or eutectic point, and the mixture the 
composition of which corresponds to C is called a cryohydric mixture, 
or eutectic mixture. 

Ice and salt as a freezing mixture. Two simple points which 
require some careful thought for their explanation are {a) how it 
is possible to obtain a low temperature by the use of a mixture of 
ice and salt, and (6) why salt placed on an icy pavement w^ill melt 
the ice. Both depend on the same effect. When salt dissolves in 
water heat is absorbed, and the resulting solution has a low^er 
freezing point than the pure water. In the freezing mixture, then, 
progressive solution of the salt, with resulting lowering of tempera- 
ture, takes place until the proportions of the mixture are those of 
the eutectic mixture, and the temperature is that of the eutectic 
point. When salt is used to thaw an icy pavement the same 
thing happens ; the resulting mixture will remain liquid if the 
temperature is above the eutectic temperature, as is the case except 
in extremely cold cHmates, 


ALLOYS 


210 


Alloys. Results ' venr .similar to ' those ■ for a solution of salt In 
water are obtaiiiecl with , alloys. ■ The 'simple' ease of the of 

lead and tin, which is of great practical importance, will be con- 
sidered in .some detail. 

The m.eltmg point of lead is 327® G., and that of tin is 232® C. 
Molten alloys containing knowm proportions of each constituent can 
be made by melting a known mass of lead in a crucible, and dissolv- 
ing the required amount of tin in the liquid lead. Using a 360® 
mercury thermometer, or a suitable thermocouple, cooling curves 
for the pure metals and for alloys of diferent loiown compositions 
can be obtained. 

Pure lead and pure tin give cooling curves with a single horizontal 
portion, like the curve for naphthalene, denoting a definite melting 
point. Alloys, except those with compositions in the neighbourhood 
of about 60 per cent, tin and about 40 per cent, lead, give curves 
with two halt ’’ stages, as shown in Fig. 102 (a). The upper halt 
X show^s that solidification is beginning ; at this temperature one 
of the pure metals is being deposited, just as salt or ice is at first 
deposited when brine is cooled. At the lower halt P, the whole 
mass solidifies, just as does brine at ~ 21® C. Betw-een the tempera- 
tures of these two halts, the alloy is in a pasty state, containing 
crystals of solid in the liquid. At the lownr temperature, which is 
the same whatever the composition of the alloy and is the eutectic 
temperature, the liquid portion of the pasty mass, which has the 
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Fig. 102 (6). — ^Equilibrium diagram for Pb : Sn alloys. 


eutectic composition of 63 per cent, tin and 37 per cent, leads 
solidifies as a whole. This temperature is 183° C. 

The graph of Eig. 102 (6) shows how the temperature at which 
solidification begins varies with the composition of the alloy. From 
A to B, lead is the solid first deposited ; B is the eutectic point ; 
and from B to O the solid first deposited is tin. The triangular 
areas beneath the two parts of the graph and above B contain the 
points at which the substance is partly soMd and partly liquid, in 
the pasty stage. 

Solder is an alloy of lead and tin, and the diagram shows why 
solders of different percentage composition are used for different 
purposes. Ordinary soft solder, or tiinnaii^s solder, must satisfy 
two requirements. First, it must have a very low melting point, 
at least lower than that of tin ; secondly, it must have a sharp and 
definite temperature of solidification, as any slight displacement of 
the parts which might occur during protracted solidification would 
cause the soldered join to be weak. The ideal composition would 
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thus be that of the eutectic imxture, mth 63 per cent, of tin ; as 
tin is expensive the usual solders contain about 60 per cent, of tin, 
but the proportion cannot be reduced much below ' this without 
losing the sharp, setting point. Plumber’s solder, on the other hand, 
need only have a melting point below that of lead ; and a large 
range of temperature during which it is partially solid is required, 
to enable the plumber to work the metal and “ vdpe ” the joint. 
Plumber’s solder usually contains about 67 per cent, of lead and 
33 per cent, of tin. As the graph shows, an alloy of this com- 
position wiil begin to solidify at about 253*^ C., and continues in a 
pastj" state until it has cooled to 183® C., giving a range of 70® 
during which the plumber can work on it. 

FRACTIONAL DISTILLATION 

Two completely miscible liquids. Consider a mixture of two 
liquids A and B which can form a mixture in any proportions. 
The vapour in equilibrium with the liquid always contains both 
constituents, and in general the composition of the vapour is 
different from that of the liquid. Hence, if a graph of boiling point 
against percentage of one component, say A, is dra\m, there wiil be 
two possible curves ; one of these curves is the graph of boiling 
point against percentage of A in the liquid, and the other is the 
graph of boiling point against percentage of A in the vapour. Fig. 103 
shows such a diagram. The lower line is the liquid curve, the upper 
the vapour curve. The horizontal line at some temperature Bf" 
cuts the liquid curve at X and the vapour curve at 7, whence it 
is seen that at df" the boiling liquid contains 29 per cent, of A and 
the vapour from it contains 80 per cent, of A. Points within the 
space bounded by the curves indicate mixtures of liquid and vapour ; 
for example, P in the figure represents a rnixture of liquid and vapour 
at $ 2 ° containing 50 per cent, of A. 

A mixture boils when the total pressure of the mixture of vapours 
equals the external pressure. The boiling point is the temperature 
at which the pressure of the mixed vapours is 76 cm. There are 
three possible cases to consider. 

1. The boiling points of ail intermediate mixtures lie bet'ween 
the boiling points of the two pure liquids. In this case, the con- 
stituents can be separated by fractional distillation. Examples 
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Fig. 103.— Mixture of two liquids. 

are mixtures of alcohol and water, and of liquid nitrogen and liquid 
oxygen. 

2. All mixtures boil at temperatures above the boiling points of 
both the pure liquids. 

3. All mixtures bod at temperatures below the boiling points of 
both pure liquids. 

In cases 2 and 3 it is not possible to separate the two liquids by 
fractional distillation. The effect of boiling is to obtain a constant- 
boiling point mixture. 

Theory of fractional distillation. The separation of oxygen and 
nitrogen from liquid air is an example of outstanding importance, 
and this will be considered in some detail. Kg. 104 shows the 
curves of boiling point against percentage composition of the 
liquid {lower curve} and vapour (upper curve). The letters A, B, C 
refer to stages in the fractionating column of Fig. 105. 

(a) To ohtmn pure nitrogen. Suppose liquid air; containing 76-7 
per cent, nitrogen and 23-3 per cent, oxygen, is produced at - lOS"" 0. 
and allowed to attain equilibrium with its vapour at A (Figs. 104 
and 105). Following the horizontal line for ~ 193® C. to the left. 
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Permf^toge Oxygen 

100 % 50 % 0 



it is seen that the composition of the liquid is 63*6 per cent, nitrogen^ 
while following it to the right, the composition of the vapour at this 
tempezmture is 86*5 per cent, nitrogen. The liquid is now discarded, 
and the vapour cooled to - 194® C., and allowed to attain a new 
vapour-liquid equilibrium in W’-hich the composition of the vapour is 
92-3 per cent, nitrogen and that of the liquid is 76 per cent, nitrogen 
at B. If the liquid is again discarded and the vapour is again cooled, 
a new equilibrium is attained in which the vapour is still richer in 
nitrogen. By repetition of this process, vapour consisting of pure 
nitrogen is eventually obtained. 

(6) To obkiin pure oxygen. As before, a start is made with 
liquid air at - 193® C., containing 23*3 per cent, oxygen. When 
equilibrium is attained, the vapour has the composition 13*5 per 
cent, oxygen, and the liquid 36*4 per cent, oxygen. The vapour 
is allowed to escape, and the Hquid say, -191® 0. ; 

at this temperature there is equilibrium between vapour containing 
26*1 per cent, and liquid oontainiag ^*5 per cent, oxygen, at (7. 
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p% 

Oxygen 


j 24*0% 
X Oxygen 


The vapour is again, .allowed, to 
escape, and the liquid w^armed to 
a slightly higher temperature,' 
where it, is again allowed to reach 
equilibrium. The process of bring- 
ing the liquid into .equilibrium., 
with thC' vapour at succession, 
of gradually raised temperatures, 
each time discarding the vapour, 
is repeated, until finally the liquid 
remaining is pure oxygen. 

The fractionating column is a 
series of compartments each of 
which is maintained at a particu- 
lar temperature. In each com- 
partment liquid and vapour attain 
the appropriate equilibrium for 
that temperature. Fig. 105 repre- 
sents a fractionating column for 
the separation of liquid air. It 
consists essentially of a series of 
trays, the temperatures of which 
range from -196® C. at the top 
to -183® C. at the bottom. At 
each of these temperatures, when 
the liquid and vapour are in 
equilibrium, the liquid is richer in 
oxygen and the vapour is richer 
in nitrogen. Overflow pipes allow the liquid to trickle down from 
each tray to the one below it, and the overflow from successive 
trays becomes progressively richer in oxygen going dovmwards. 
Holes in the floor of each tray allow the vapour to rise to the tray 
above, and the vapour from each successive tray going upwards is 
richer in nitrogen. Boiling liquid air at - 193° C. enters the column 
at the point A. From this, vapour containing 86*5 per cent, nitrogen 
and 13*5 per cent, oxygen rises into B which is at - 194® C., while 
liquid containing 63*6 per cent, nitrogen and 36*4 per cent, oxygen 
falls down to (7. Pure gaseous nitrogen is withdrawn from the top 
of the column, and pure liquid oxygen jfrom the bottom. 
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Fig. 105.- 


-Fractionating column for 
liquid air. 
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QUESTIONS ON .CHAPTER : ¥ 

L Describe bow,, yon would determine the relation between ■. the 
.pressure and. volume of {a) an unsatnrated,, (5) a saturated vapour,, and 
state clearly what results you would expect to obtain. 

Three identical barometer tubes are filled with mercury and inverted 
with their lower ends dipping into a large dish of mercury and their 
upper ends 90 cm. above its surface. The. initial reading of all three 
barometers is 740 mm. A small quantity of volatile liquid is introduced 
into the Torricellian vacuum of the second and it then reads 730 rum. 
Rather more of the same liquid is introduced into the third so that some 
remains unevaporated, and it reads 650 mm. If the atmospheric 
pressure increases by 10 mm., what will be the readings of the three 
barometers? (B.) 

2. Explain in general terms the kinetic theory of liquids and gases, 

and apply it to explain the phenomena of evaporation, boiling, saturated 
and imsaturated vapours, and the pressure of gases. (C.) 

3. ^Vhat do you understand by the vapour pressure of a liquid, and 
how would you measure its variation for temperatures between 0° C. 
and 100° C. ? How do you take account of vapour pressure in problems 
in which both a gas and the vapour of a liquid are enclosed in the same 
volume? 

A diving bell is lowered into water imtil the level of the water inside 
leaves half the volume of the bell still unoccupied by water. The 
temperature of the bell and its surroundings may be taken as 20° C. 
throughout, and the mercury barometer at the surface of the water 
stands at 750 mm. Find the depth to which the bell has been lowered. 

[The vapour pressure of the water at 20° C. is 17 mm. and the density 
of mercury is 13-6 gm. per c.c.] (C.S.) 

4. How would you verify experimentally that the boiling point of a 
liquid is that temperature at which its vapour pressure is equal to the 
atmospheric pressure ? 

A Small quantity of (a) water, (6) dry air, is introduced into the space 
above the mercury in a barometer. Discuss how the accuracy of the 
barometer is affected in each case. (0. & C.) 

5. Describe an experiment to determine the vapour pressure of water 
at 25° C. 

Explain how water can be mad© to boil at 90° C. and describe the 
difference between the processes when water is boiling at 90° C. and 
when it is merely evaporating at this temperature. (C.) 

6. What is meant by the vapour pressure of a liquid? Describe in 
general terms, from the view-point of the kinetic theory, why you would 
expect the temperature of a liquid to fall when it evaporates, and the 
vapour pressure to increase with temperature. 

Describe an experiment by which you could investigate the variation 
of vapour pressure with temperature of a volatile liquid- (O. & C.) 

7. State and explain the meaning of Dalton’s law of partial pressures. 

A litre of air originally saturated with water vapour at 100° C. is 
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cooled to 50® C.' while the total pressure, is, maintained unaltered at 
100 cm. of mercury.. ' What volume will it .now occupy, if the saturated 
vapour pressure, of water vapour at 50® C. is 9- 2 cm. of mercury? (O.) 

8. State Dalton’s Law of Partial Pressures. ' 

Show how the variation of the vapour pressure of a liquid with 
temperature may be found by measuring at different temperatures the 
volume of air contained in a tube closed at one end, the air being 
enclosed by an index of the liquid. (C.S.) 

9. A vessel contains a mixture of gas and a vapour in contact with 
excess of the liquid. How will the pressure in the vessel change (a) if 
the volume is changed at constant temperatxire, (b) if the temperature 
changes at constant volume ? 

A closed vessel contains a mixture of air and water vapour in contact 
with excess of water. The pressures in the vessel at 27° C. and 60° C. 
are respectively 77*7 cm. and 98*1 cm. of mercury. If the vapour 
pressure of water at 27° C. is 2-7 cm. of mercury, what is the vapour 
pressure at 60° C. ? (O. & C.) 

10. What is meant by saturation vapour pressure? 

Some air is contained in a narrow tube between the closed end and a 
water index. The volume of the contained air is measured at various 
temperatures. Show how, from these measurements, if the saturation 
vapour pressure at one temperature is known, it may be calculated for 
the other temperatures. Point out any sources of error, and indicate 
any precautions you would take. (C.) 

11. Explain what is meant by the statement that the vapour pressure 
of ether at 20° C. is 44 cm. of mercury. 

A glass tube closed at one end is completely filled with mercury and 
inverted, in a bowl of mercury, so that the top of the tube is 32 cm. above 
the level of the mercury in the bowl. Describe and explain what will 
happen if a little ether is introduced into the tube, the temperature 
being 15° G. and the barometric height 76 cm. What will happen if 
the temperature is gradually increased to 40° C. ? The boiling point of 
ether is 35° C. (O & C.) 

12. The graph of p against Ijv obtained in an experiment to verify 

Boyle’s law was foimd to consist of an approximately straight line 
through the origin joined to another approximately straight line of 
smaller slope for large p. What concluvsions do you draw from these 
results, and what further experiments would you make to test your 
conclusions ? ^ { 0 . S . ) 

13. Explain the meaning of saturation vapour pressure of water and 
dew-point. 

Describe a method of determining the dew-point of the air in the 
laboratory, and explain how the value is used in calculating the relative 
humidity. (J.M.B.) 

14. Explain what is meant by the “ dew-point ”, and describe an 
accurate method of determining its value. 

The saturated vapour pressure of water at 11-25° C. is 1 cm. of 
mercury, the density of dry air at 76 cm. pressure and 25° C. Js 
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0*001 184 gm. 'em.®, and the density of water vapour relative to that of 
air at the same pressure and temperature is 0*624. ■ , Find the weight 
of a litre of moist air at 25^^ C., if the. barometer stands at 76 cm., and 
the dew-point. is. 11*25° . C. , (C.W.B.) 

15* Describe vin some detail how you would determine the relative 
humidity of the. air in a laboratory. 

Some air in a 'flask is saturated with water vapour. The pressure 
of the mixture is 80*0 cm. of mercury at 10° C. What will it be at 
50° C. if the volume lias remained xmehanged and the air is still satu- 
rated? The saturation vapour pressure of water in cm. of niercim^ is 
0*9 at 10'° C. and 9*2 at 50° C. , (O.) 

16. Describe, with, the aid of a diagram, some form of refrigerator 
and explain its action. . . 

17. Explain the physical principles underlying the working of any 

form of domestic refrigerator. Give a sketch showing the essential 
features of the apparatus. (L.) 

18. Explain the action of a refrigerator in which the cooling is 
produced by evaporation. 

Vapour from alcohol boiling at 78° C. is passed into 50 gm, of alcohol 
at 20° C. contained in a copper calorimeter of mass 30 gm. What will 
be the temperature of the calorimeter and its contents when 5 gm. of 
vapour have been added? [Sp. ht. of alcohol = 0*6 ; sp. lit, of copper 
= 0*1 ; latent heat of vaporization of alcohol = 205 cal. per gm.] 

(J.M.B.) 

19. Discuss the following : (a) A small drop of water will evaporate 

in a space in which water vapour is in equilibrium with a plane smTace. 
(6) Boiling by bumping. (J.M.B., part qtiestion) 

20. Describe how you would show the effect on the boiling point of a 
liquid of (a) change of pressure, (6) the addition of soluble matter to 
the' liquid. 

Describe one practical application of (a). 

How could you use a thermometer to test whether a boiling liquid is 

pure?.. .... 

21. VTiat is meant by a cooling curved. 

Describe how the melting point of a solid can be determined by the 
cooling curve method, and explain the shape of the curve obtained in 
the experiment. (J.M.B.) 

22. By considering the equilibrium of a liquid which has risen in a 

fine capillary tube, obtain a relation 'between the surface tension, the 
vapour pressure over a flat surface, and that over a curved surface 
w4iose radius of curvature is f . ; ' 

Hence calculate the radius of a capillaaty tube from which water will 
not evaporate v/hen the h'umidity is 99 per cent* [Surface tension of 
water=80 d 5 mes per cm.] ^ - (O.S.) 


CHAPTER VI 

HEAT AND WORK 

The statement that heat is a form of energy, or is one of the many 
forms in irhich energy can exist, scarcely requires demonstration 
to a generation which has grown up surrounded by innumerable 
applications of this idea. It has even been found expedient, in 
Chapter II of this book, to anticipate (or rather take for granted) 
some of the points which are often delayed to this stage in the usual 
sequence of presentation, simply because the use of electrical 
energy as a means of supplying heat is so generally understood and 
accepted nowadays. But the statement requires some explanation, 
since it can bear two quite diferent senses. First, it describes the 
experimental fact that the absorption of heat may produce me- 
chanical work or some other means by which mechanical work may 
ultimately be performed, and that the dissipation of mechanical or 
other forms of energy?' may liberate heat ; this forms the study of 
the present chapter. Secondly, it may be read as a statement as 
to the nature of the heat possessed by a material body, which is 
believed (if we delve no further into the ultimate structure of 
things than the molecule) to be the sum of the mechanical kinetic 
energies of vibration, translation^ or rotation, of the particles of 
which it is composed. According to this, heat is simply a branch of 
mechanics, and the study of '- Heat ” as a separate subject is merely 
a matter of convenience because this particular kind of mechanical 
motion happens to affect our senses, and the instruments devised 
to aid our senses, in a particular way. 

Law of conservation of energy. The law of conservation of 
energy, which states that the total energy of a closed system 
remains constant, is used in elementary mechanics to solve artificial 
problems on frictionless machines, bodies falling freely in vacuo^ 
and so on. When it is applied to an actual simple machine of any 
kind as the closed system, it is found that 

energy expended by effort = work done in raising had and mooing parts 
-f work done in overcoming friction, 

22B 
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The work done in overcoming j&iction generates heat, and the 
work done in raising the load supplies the load wdtli potential 
energy. Hence the equation can be WTitten 

energy expended by ejfort == mechanical potential energy supplied 
to load, etc, +heat energy produced by friction, 
the assumption being that the heat generated is exactly equivalent 
to the mechanical work used in its production. 

Is this kind of statement justified? Years of patient experiment 
were needed to establish its validity, and to prove beyond all 
possible question that when mechanical work is completely converted 
into heat, or heat is completely converted into mechanical work, for each 
unit of work that is converted into heat a definite quantity of heat is pro- 
duced, and for each unit of heat converted into work a definite quantity 
of work is furnished. 

The statement in black type is known as the First Law of Thermo- 
dynamics. In symbols, if W units of work are converted into H 
units of heat energy, ppr ^ 

where J is a constant called the mechanical equivalent of heat. 

It was customary, on account of certain practical difficulties 
connected with the absolute values of electrical units, to distinguish 
between the mechanical equivalent proper (symbol J) for the con- 
version of mechanical energy directly into heat, and the electrical 
equivalent (symbol J') used when W is energy measured electrically 
(see p. 64)*- The absolute mechanical unit of energy is the erg, and 
one joule is ergs. This is the absolute joule. The volt and the 
ampere are so defined that ‘the energy in joules dissipated by an 
electric current equals the product volts x amperes x seconds. But the 
former practical standards of p.d. and current, the international volt 
and international ampere, differ slightly from the true volt and true 
ampere of the definition. The standards themselves could be repro- 
duced, and measurements in terms of them made, with greater 
accuracy than the true values of the standards themselves. Thus 
another unit, the international joule, was introduced such that inter- 
national volts X international amperes x seconds — international joules. 
One international joule equals nearly 1*0002 absolute joules. 

Direct determinations of J give the value in absolute joules per 

* The intematioixal units were discarded on January 1, 1948 ; ^ but the dis- 
tinction is, of course, stil! relevant to the historic electrical determinations here 
described, and to Birge’s figures. 
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calorie. Determiiiations ■ of J' measure the ’mine 
joules per calorie; „ the result multiplied by 1*0002 'gives J' in 
absolute joules per calorie. It can be seen that the values „of J in 
absolute units and J' in international units stand iiidependent of 
any later revaluation of the electrical standards, ''while', the value 
of J' in absolute units is subject to . revision of the factor 1‘0002. 

Early views as to the nature of heat. Many of the earlier experi- 
menters believed that heat was a weightless, highly elastic, self- 
repellent fluid, indestructible and uncreatable. , ' This fluid they 
named caloric. The calorie theory offered a quite scientific ex- 
planation of the facts then knovn. Hot bodies emitted heat 
because the particles of caloric repelled one another strongly. 
Differences in specific heat were due to the different attracting 
powers of different substances for the fluid. Expansion occurred 
because the self-repellent fluid tended to increase the volume of any 
body in which it w^as lodged. Latent heat w^as supposed to enter 
into combination with the particles of the material ; thus water = 
ice -f latent heat. If a simple theory of this kind served to explain 
ail the observed facts, it w^as quite reasonable to look no further. 

But the generation of heat by percussion and by friction presented 
difficulties. The theory stated that the rise in temperature of a 
block of lead when hammered w^as due to the extrusion of caloric 
under pressure, much as water issues from a sponge when it is 
squeezed. The rise in temperature of two bodies when rubbed 
together w^as due to the diminution of the bodies themselves, as 
the small particles rubbed off had a smaller pownr of attracting 
caloric, which was thereby freed — ^that is, the specific heat of a 
finely powdered substance was less than that of the same substance 
in one solid mass. NTo attempt seems to have been made to detect 
this diminution of specific heat, and this argument could not 
possibly explain the generation of heat by the churning of a liquid. 

Rumford in 1798 did a series of experiments in which heat ivas 
generated by rotating a blunt cannon borer in a large mass of 
gun-metal. He observed that a large quantity of heat {sufficient 
to raise nearly 27 lb. of water from the freezing point to the boiling 
point in one experiment) was evolved for the abrasion of a very 
small quantity of metallic dust, and he found that the specific heat 
of this dust was not appreciably different from that of the solid 
material, which showed that the caloric theory w^as false on this 
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point at least. Further,' tlie supply' of heat appeared to be in- 
exlmiistihle, .and It" was clear that. ■no- closed system could supply 
unlimited amounts of any material substance. 

In a paper- published in 1799, -Davy.' reported that ni,bl)ing two 
blocks of ice together, using a clockwork mechanism, caused the ice 
to melt at the surfaces in contact. As it was well kno\Mi that con- 
siderable latent lieat is required to turn ice into water, and as no 
other possible source of heat was available, this experiment was 
claimed to demonstrate that heat w-as evolved here by ineelianical 
action only — eertainh- not by reducing thermal eapacitjq since that 
of the water formed is greater. Although this worh has been 
accepted for many years, it seems very doubtful if Dhtv, then 
only nineteen years of age, did more than observe an effect due 
to conduction (see Prof. E. N. da C. Andrade, Nature, 3Iarch 9, 
1935). 

J. Mayer, in 1842, assuming the equivalence of heat and work, 
calculated a value of J from the difference between the two principal 
specific heats of a gas. Before discussing this important result, 
• however, it is best to consider the experimental evidence for the 
existence of the equivalent, and to examine some of the important 
experiments for its direct determination. 

EXPEEBIENTAL DETERMINATION OF THE MECHANICAL 
EQUIVALENT OF HEAT 

Joule’s experiments. Joule’s* work on the equivalence of heat 
and -work can be divided into two periods. 

During the first, from 1838 to 1843, he did a great variety of 
experiments to establish that such equivalence did in fact exist. 
In 1843 he stated his conviction that whenever mechanical tvork is 
converted into heat, an equivalent quantity of heat is always obtained* 
His later researches, from 1843 until 1878, w'ere chiefly devoted to 
the determination of the value of this mechanical equivalent. 

The following brief descriptions of his tw^o famous determinations 
of J by the churrdng of water by paddles are taken from Preston's 
accounts. The first of these experiments (1847) "was made with 

*** The essay on Joule by J. G. Orowther in “ British Scientists of the Nine- 
teenth Century ” gives an excellent summary of his life and work, and Preston’s 
Theory of Heat (3rd edition), pp. 289-297* describes two of his experiments 
in foil detail. 



Fig. 106. — Joule’s 1847 apparatus. 


the apparatus shown in Fig. 106. The copper vessel (calorimeter) 
AB contained a known mass of water. The water-tight lid had one 
tubulure for the axis of the revolving paddle and another for the 
thermometer. The brass paddle had eight sets of revolving arms a, 
which worked between four sets of stationary vanes b fixed to the 
frame of the vessel, shown in the vertical and horizontal sections of 
the calorimeter of Fig. 107. A cylinder of boxwood d prevented 
conduction of heat along the axis of the paddle system. Referring 
now to Fig. 106, the paddle was revolved by lead weights e, e 

suspended by string from the rollers 



Fig. 107. — ^Arrangement of vanes 
in calorimeter. 




66, 66 of the wooden pulleys a, a. 
These pulleys were supported by 
steel axles c, c on brass friction 
wheels d, d. The weights were sus- 
pended over the pulleys by fine twine, 
which was wound doubled on the 
central roller /, so that the parts 
passing over the pulleys left the 
roUer at the same level and pro- 
duced a steady couple round its 
axis. The roller could be detached 
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from the paddle by withdrawing so that the weights could be 

wound up without turning the paddle. .The w^ooden stool g was per- 
forated by a number of slits, so that the metal came into contact with 
the wood at only a few points, while the air had free access round every 
part of it. This reduced losses by conduction, and a large wooden 
screen intercepted radiation from the body of the experimenter. 

The water equivalent of the calorimeter and the mass of water 
contained in it were known. The temperature of the calorimeter 
was found, the w^eights were wound up by placing the roller /in the 
stand h, and the roller was then pinned to the axis of the paddle. 
The height of the weights above the ground w^as read from the 
graduated slips of wood Jc, Jc, and the roller then allowed to revolve 
until the weights reached the floor. The velocity of the w^eights on 
reaching the ground was noted. The roller w^as then unpinned, 
the weights wound up again, and the fall repeated. After twenty 
such falls, the final temperature of the thermometer was read. The 
mean temperature of the room at the beginning, middle, and end 
of each experiment was found. Just before each experiment the 
change of temperature of the calorimeter due to gain of heat from, 
or loss of heat to, the surroundings was found, and this operation 
was repeated immediately after the end of each experiment. 

Correction was made for the kinetic energy of the weights on 
reaching the floor. After allowing for this, the work done by the 
failing weights represented the mechanical energy converted into 
heat by friction. 

In the calculation, Joule worked in British units. Let M be the 
total water equivalent, in lb. of water, of the calorimeter and its 
contents, F. the initial temperature, and ^2^ Bnal tempera- 
ture, both duly corrected for loss or gain of heat due to the surround- 
ings, The heat evolved is thus 31 {$2 - ^1) B.Th.U. Let W be the 
total weight in lb. wt. of the two leaden weights, h ft. the distance 
travelled in a single fall, corrected for the kinetic energy on reaching 
the ground by subtracting from the observed height the fall needed 
to give the weights this velocity, and n the number of falls. The 
work done is Whn foot pounds. 

3I{62-0i) B.Th.U. of heat are given by Whn foot pounds of 
mechanical work, 

"PP^hn 

1 B.Th.U. is given by — pj foot pounds 


234 A TEXT-BOOK OF HEAT; ' . 

It must be remembered that as the acceleration of gravity is different 
in different places, the absolute value of the foot pound varies from 
place to place. Joule’s result was .that the number of foot pounds 
required to raise 1 Ib.' of water 'l^F. is 773*64 in the. .latitude of 
Manchester. 

Careful corrections for several sources of error were made. The 
work done in rotating the pulleys and overcoming the rigidity of 
the string was found, and allowance was made for the fact that the 
motion of the paddles did not cease when the weights hit the 
ground, as the elasticity of the strings caused a slight '' over- 
running 

The rise in temperature obtained was of the order of only half a 
degree, but Joule used specially constructed thermometers which 
he could read to a few thousandths of a degree. 



Fio. 108. — Joule’s 1878 apparatus. 



In the second; of the water-chnrimig.experiments 5 ,ii,Hde]rtaken at 
the request' of. the British Association and com,pleted in iSTS. the 
friction balance principle was used. The general idea of this is that, 
instead of finding the force required to turn the paddles, the couple 
required to prevent rotation of the calorimeter is measured. Fig. 1118 
shows the apparatus, „in which Ji .is the calorimeter, upon the lim 
of which two cords passing over pulleys j, j and carrying w’eights 1% k 
appty a constant couple. The paddies- are rotated by handu'heels 
d and e, and a flywheel / steadies the rotation. . The result obtained 
was 773-369 ft. lb. per B..Th.U. in the. latitude of Manchester. 

Theory of the fdctioa balance. The friction balance principle 
of this and similar experiments is worth considering in more 
detail. 

If a force F is applied tangentially to the rim of a w2ieei of radius 
r, Fig. 109, a, a couple of moment Fr is really acting, since there 
is an equal reaction at the axle. Let this couple now turn the wheel 
through an angle 6 radians. The applied force F moves through a 
distance s = r6 in its own direction ; the reaction does not move at aH ; 
bence work done = F xs = F xr^ = Fr X 




Fig. 109, 

(a) Single force applied (6) Two applied forces, 

tangentially, equivalent constituting couple Fd, 

to couple Fr. 

If there are two such forces, applied in opposite directions at 
opposite ends of a diameter as in Fig. 109, 5, and in the apparatus of 
Fig. 108, th^ forces themselves constitute the couple ; the arm of 
the couple is the diameter of the wheel, rf, the moment of the couple 
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is Fxd, and the work done during a rotation 6 radians is Fd x 0; and, 
in general, the work done by a oouple-moment of /conple.x angle 
turned through in radians. 

In the experiment, the applied forces F do ?iol themselves move, 
the rotation of the paddles exerts a couple G on the contained water, 
and the work done by the paddle rotating through an angle 6 radians 
is thus (7# (Fig. 109,6). ■ 

But, considering the equilibrium of the calorimeter, which does 
not rotate, the couple applied by the forces F in the strings must 
balance C. So, if d be the diameter of the groove about which F 
is applied (the arm of the couple), as this couple just balances C, 
€ = Fd and the work done for a rotation of & radians is 

F d6 units. 

As one revolution is 2?? radians, in n revolutions of the paddle 
B-27rn, Hence the work done in n revolutions of the paddle is 
27r^Fd units. 

Only if C exactly equals Fd wiU the weights which apply the 
couple remain steady. If C exceeds Fd the weights will be wound 
up to their fullest extent ; if C is less than Fd they will fall to the full 
extent of the string. It is essential that the weights shall be 
maintained exactly at the same level throughout ; this is not 
difficult to arrange in a hand-operated apparatus usmg this principle. 

Eowland’s experiment. In 1879, Rowland repeated Joule s 
second experiment on a larger scale, so as to obtain a much larger 
rise in temperature. The paddles were rotated by a steam engine, 
and the calorimeter with its friction balance was suspended from a 
torsion wire. Mechanical rotation does not allow of the continuous 
fine adjustment needed to keep the weights at exactly the same level, 
but the difierence 0 ~ Fd, or Fd - 0, twists the torsion wire, and from 
the observed twist of the wire this difference is obtained. 

Rowland found that the quantity of mechanical energy required 
to raise the temperature of 1 gm. of water through 1° C. varied with 
the temperature, decreasing at first as the temperature rises, 
reaching a minimum at about 30° C,, and then increasing. The 
explanation of this is, not that J itself varies, but that the specific 
heat of water varies with temperature, having a mmimum value 
at about 30° C. The results of Callendar and Barnes by an electrical 
method lead to a similar conclusion, though the exact temperature 
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of the miiiiinnm specific heat was foiind by them to be 37-5® C. 
{see p. 246). 

Determination of J by a simple friction balance method Heat is 
generated by friction bet'ween two metal (iron) cones, the inner of 
which, D, serves as the calorimeter (Fig. 110). This cone can be 
attached firmly at the centre of a large w'ooden disc A, round the 
circumference of which is a light cord carrying a suspended weight. 



The outer cone is fixed by three ebonite centring screws (which 
serve as heat insulators) to the inside of a brass block which can be 
rotated by a belt drive w^orked either by hand or by machinery, A 
revolution counter attached to the axle carrying the brass block is 
desirable ; though a satisfactory substitute for this, if the block is 
rotated by a handwheel, is to find how many revolutions of the block 
correspond to one turn of the handwheel, and count the number of 
hand turns. 

It will be noted that the couple which prevents rotation of the 
inner cone is apparently provided by one force ; the other, as in 
Fig. 109, a, is the reaction passing through the axis of rotation. This 
is not entirely satisfactory, and the apparatus tends to rock a little. 

The two iron cones are weighed. The inner cone is then fastened 
securely to the wooden disc, and the outer cone centred in the brass 
block. The apparatus is assembled, tested to see that it will run 
properly, and suitable weight to hang on the string found by trial. 
A known mass of water is placed in the inner cone. For the purpose 
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of tMs experiment it suffices to run’ in 20 cc. or 25 cc. from, a pipettCj 
ta-king 1 c.e* as weighing 1 'gm. 'After a minute or two, Abe water 
is stirred with the. the,rmometer and the temperature taken. The 
iiand'W'heel is then turned steadily, the time of starting .being, noted, 
and the number of turns .counted. It is ' essential ' to. ' keep the 
position of the weight as steady; as possible, and the speed of rotation 
has to be varied to secure this.. A little practice makes this ..adjust- 
meiit almost automatic.' After about two hundred turns of the 
handwheel, ' rotation is stopped, the time noted, the water stirred, 
and the temperature taken. The apparatus is then left to cool for 
lialf the time occupied in the turning, and the temperature of the 
water at the end of this period is taken after stirring. 

Let If be the mass of water, 

V) the mass of both iron cones, of specific heat 
the imtial temperature, 

6^ C. the temperature at the end of the turning, 

63 ® C. the temperature at the end of the cooling. 

Then - 6^) represents the average loss by cooling during 
the experiment (p. 56), the corrected final temperature is 
[^2 (^2 “ ^ 3 )] the rise in temperature is [^2 + (^2 ~ ^ 3 ) - ^ 1 ] 

The heat evolved is thus (If + ws) ( 2^2 - ^3 ~ ^ 1 ) calories. 

Let m gm. be the mass of the suspended weight, and r the radius 
(yiot diameter, as the arm of the couple is the radius) of the disc. 
The couple is then mr gm. vi}. cm., or mgr d^me cm. 

Let n be the number of turns of the handwheel, and A the number 
of turns of the block corresponding to one turn of the wheel. The 
number of revolutions is then Xn, the total angle turned through is 
2 77 An radians, and the work done is 27rXnmgr ergs. 

Thus (If -f ws) (202 - ^ 3 ^ 6j) calories are furnished by the expendi- 
ture of 27TXnm.gr ergs, and 

, 1 . . • 1 A j 27TXnmgr 

1 calorie is equivalent to t??? ergs, 

which is the required value of J. 

Results by this method always appear to be a little too high, since 
there is little opportunity for any of the measured work to be 
wasted, while it is less easy to correct completely for heat losses. 

Constancy of J. Preston gives a table of the results of forty-five 
separate experiments on the determination of J or J' made between 
the years 1842 and 1899 by a large number of independent experi- 
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menters using a great variety of methods both direct, and indirect. 
All the results, with ■ the exception of one or two early determiwatmns,: 
agree extremely closely. 

It is npon evidence of this kind that the Eirst Law of Thermo- 
djuamics rests. The equivalence of heat' and work is no mere 
speculation; it has been established as the result of two whole 
generations of painstaking experimental investigation. ' 

Accurate evaluation of J or J' . While the determination of the 
electrical equivalent of heat, J', by Callendar and Barnes described 
earlier (pp. 71-73) is recognised as being very accurate, experi- 
ments of greater precision have recently been made. R. T. Birge, 
who has for many years been engaged on a critical survey of the 
values of the chief physical constants, has taken three of these as 
the basis of his computation * of the best values for J and J'. 

These three experiments are : 

1. The determination of the electrical equivalent J' b^' Jaeger and 

Steinwehr (1921). 

2. The direct determination of the mechanical equivalent J by Laby 

and Hercus (1929). 

3. The determination of the electrical equivalent J' by Osborne^ 

Stimson, and Ginnings (1939). 

The values adopted by Birge for the equivalents are : 

For the electrical equivalent 4*1847 ± 0*0003 international joules 

per 15° calorie. 

For the mechanical equivalent J, 4*1855 ± 0*0004 absolute joules per 
15° calorie. 

(The factor converting international joules to absolute joules is 
1*00020 ± 0*00004.) 

Jaeger and Steinwehr's experiment. These workers used an 
ordinary calorimetric method, measuring the rise in temperature of 
a large mass of w^ater (50 kgm.) contained in a thin-walied copper 
calorimeter. The temperature rise obtained was small, about 
1*4®. The water was thoroughly stirred by a system of electrically 
driven paddles, and the calorimeter was surrounded by an air space, 
and enclosed in a double- walled metal box, the space between the 
walls of which contained water at a constant temperature. The 
current in the electric heating coil was measured by finding the 
potential drop across a standard 0*1 ohm resistance in series with 

* Physical Society’s Meports on Ftogtess in Fhy^s, 1941. 
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it, and the potential drop across' the- electric heater was, determined. 
A Weston cell was , used' as the standard of e.m.e. The time during 
which the current passed was recorded on a chronograph. The 
temperature was measured by a' platinum resistance thermometer. 
The accuracy of the whole experiment is within a few parts in ten 
thousand. , 

Experiment of Laby and Hercus. Laby and Hercus used ^’hat they 
termed an '' induction d 3 mamometer ” method. The apparatus is 
similar in principle to the squirrel cage induction motor, except that 
(a) the rotating field is produced by actually rotating an electro- 
magnet instead of by phase difference, and (b) the armature is 
prevented from rotating by the application of a steady couple. 
Work which would have gone chiefly in rotating the armature 
against a load in an actual motor is thus entirely converted into 
heat, by the eddy currents induced in its conductors ; these are in 
the form of hollow copper tubes through which water flows, so that 
the heat produced is measured by the method of continuous flow. 

A general view of the apparatus is given in Fig. 111. The 

rotor ” is a ease containing an electromagnet energised by a steady 
current ; it is supported on ball races, and is rotated steadily about 
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Fig. 111. — ^Apparatus of baby and Hercus. 
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a vertical axis by means of a Th.p, 100 volt direct-current motor 
driven ' from a battery of fresh accumulators. The electromagnet is 
carefully aligned' so that the axis of rotation is exactly paralelto the 
axis of the' "' stator .’V and so that there is no component of motion 
in the direction of this axis at all. The , stator is also 'mounted 
on a ball race, and is at the same time suspended from a torsion wire. 
The calorimeter in the stator is a vacuum vessel containing fourteen 
vertical copper tubes mounted in an armature of stalloy stampings ; 
a steady stream of water flows through these tubes at such a rate 
that the flow shall be turbulent, and the inlet and outflow tempera- 
tures are observed by means of platinum resistance thermometers 
so connected as to record the difference with high accuracy. The 
fundamental interval indication of each thermometer was checked 
several times during the long period occupied by this set of experi- 
ments, and these were found constant to 6 parts in 100,000. The 
thermometers themselves were surrounded by special silvered vacuum 
jackets. The couple which prevents rotation of the stator is 
provided by two weights (one only is shovm in the figure) hanging 
over pulleys with agate knife-edge bearings from fine tungsten wires 
of 0*0127 cm. diameter which are applied to the edge of an 
aluminium torsion wheel 20*001 cm. in diameter. The principle on 
which the mechanical work done is measured is exactly the same 
as that of the friction balance explained on p. 235. A small mirror 
OB the stator reflects a beam of light on to a scale, so that the 
steadiness of the stator can be observed. 

Great attention w^as paid to the attainment of perfect steadiness 
of all the conditions. The speed of the motor was controUed by a 
centrifugal governor and also by a hand regulator, and its steadiness 
was ascertained by a stroboscopic method. Special brushes were 
designed to eliminate variations in speed due to changes in contact 
resistance. Heat losses to the room were made extremely small by 
the expedient of regulating the room temperature by electric 
heaters placed about it so that the room temperature was always 
that of the mouth of the vacuum flask. 

In an experiment, a steadying run of 1 hour preceded the taking 
of any readings. When the inflow and outflow temperatures 
^ 1 ® C. and ^ 2 ® C, of the w'ater were steady, the mass of water flowing 
through the calorimeter during a measured number of revolutions 
of the rotor was found. Then, if m be the sum of the masses of the 
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two weights hung on the wires, the nnmher' of turns of the rotor, 
dQ the diameter of the wheel at room temperature, 0,/ a factor (very 
nearly unity) to allow' for imperfect centring of the pulleys, the work 
done is 

TmmgdQj ergs. 

If IF is the mass of water collected, L the heat lost to the sur- 
roundings through the sides of the vacuum flask (a very small 
correction, of the order 0-001 to 0-003 per cent.), the heat produced is 
[ If (^o ~ where a small correction, v, makes allow- 

ance for the heating of the water by its turbulent motion through 
the fine tubes. The value of v, about 0*0016® C., though small, is 
about i /3000 of the rise in temperature observed during a run. 


Thus 

and 

or 


Trmng J[ll^(^2 ~ - 'y) 4- A] 

7T7i7ngdgf 7 . 


TrnwgdQf 

iW{0^-^ej^~v)-hL]xW 


absolute joules per calorie. 


The value of m was 1000 gm., and in an ordinary run, with 
n = 15000 turns, about 4000 gm. of water was collected, and the 
steady temperature rise was about 5-4° C. 

The result for J finally accepted by Laby and Herciis w^as 
J =4*185240*0008 absolute joules, per 15® calorie. 

Experiment of Osborne, Stimson, and Ginnings. A quantity of 
\vater substance, part liquid and part vapour, is enclosed in a metal 
calorimeter shell. An electric heater immersed in the w^ater pro- 
vides means of adding a measured quantity of energy to the calori- 
meter and its contents. The calorimeter is surrounded by a %^acuum 
jacket, and this in turn is surrounded by a bath of saturated water 
vapour the temperature of \Thich is kept very close to that of the 
calorimeter, so that heat losses are very small ; these heat losses are 
measured and taken into account. 

Fig. 112 represents the scheme of the apparatus. The calorimeter 
C is a copper globe of about 1200 c.c. capacity, fitted with an electric 
heater H and a circulating pump P. The calorimeter is supported 
within an evacuated space F, which is surrounded by a bath B 
of saturated water vapour, to which heat is supplied by the heater 
E, The temperature of P is elegantly controlled by adjusting the 
presmre within it, since this (p. 179) determines the temperature 
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of water vapour in eqiiiiibrium with liquid water. The sample 
of water is , introduced from the container F into the calorimeter 
as described below ; vacuum-pump connections with . taps at 
X and F enable the calorimeter and the tubing to be evacuated 
wlien necessary. A large copper reference block to wiiich is 
attached a platinum resistance thermometer, provides a temperature 
datum line for the apparatus ; this is surrounded by an extension of 
the steam and vacuum shells. A number of auxiliary thermo- 
couples are used to determine the temperatures of various points 
on the calorimeter and its surroundings with reference to this block, 
by having one junction of each thermocouple on the block. Eight 
thermocouples are used to find the temperature at different points 
of the calorimeter. Eight more are used to measure the tempera- 
ture of the inner surface of the vapour bath, so that the very slight 
difference betw'een the calorimeter and the surroundings is known 
and the resulting heat leak allowed for. The temperature of the 
vapour bath itself is regulated automatically by adjusting the 
pressure by a suitable thermostat arrangement. The figure shows 
the complete apparatus. The vessel X, which could be surrounded 
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by a bath of liqidd air, was employed in another set of experimentSs 
to determine the latent heat of vaporisation of water in jonies per 
gram, the vapour generated by a known energy input being collected 
as ice for W'eighiiig. 

In the, course of an experiment, pure air-free water is transferred 
from a still to the previously evacuated and weighed container, 
irhich is then weighed and attached to the apparatus. The calori- 
meter and connecting tubing are then evacuated, the tap T opened, 
and the water allowed to run into the calorimeter. A little water is 
left behind in the container and the connecting tubes ; that in the 
container is allowed for by weighing the container again, while that 
in the tubing is dealt %^dth by pumping the tubing out through a 
liquid air trap ; this collects the water vapour as ice, the mass of 
which is found. In this way the mass of water transferred to the 
calorimeter is accurately determined ; as a check, the water is 
pumped out at the end of the experiment and ■weighed again. 

A measured quantity of energy is supplied to the calorimeter and 
its contents by means of the heater H, which is connected to a battery 
of storage cells of large current capacity. It is arranged to give a 
rise of temperature of the order of about C. per minute, and in 
each experiment the aim was to obtain a nearly integral number of 
degrees rise in temperature (say, from 30"^ C. to 35° C.) in a whole 
number of minutes. This was, of course, never precisely attained ; 
and the point of it was to enable the range of temperature over 
which the experiment was done to be specified, for which purpose 
29-995° C. to 35-002° C. is nearly enough '' the range from 30° C. 
to 35° C.’' The current through the heater, and the potential 
difference across it, are measured by a potentiometer in the usual 
way, the former by finding the potential drop across a standard 
0-1 ohm resistance in series with the heater. Standard saturated 
cadmium cells of e.m.f. 1-01762 volts were taken as the standards 
of voltage. In computing the energy supplied, allow^ance is made 
for the mechanical energy supplied by the circulating pump, about 
0-2 joules per minute. 

At the end of the chosen time, the current is switched off. An 
interval of about three minutes is allowed, and then the calorimeter 
temperature is found. The temperature of the platinum thermo- 
meter in the reference block is found to 0-0001° C. by the use of a 
suitable bridge, and the temperature difference between the various 
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parts of the calorimeter, etc., and this block found by measuring 
the E.M.F.s of the thermocouples. ■ 

The heat capacity of the calorimeter was not determiiied separ- 
ately, but was eMminated by doing two -sets' of /experiments over 
the same temperature range, one with a large mass of water in the 
calorimeter and the other with a very much smaller quantity. As 
the temperature range is the same, the difference betw^een the two 
quantities of energy supplied is used in heating a quantity of water 
the mass of which is the difference between the larger and smaller 
masses employed. 

The heat supplied to the water in the calorimeter is really used 
in three ways : (i) raising the temperature of the water ; (ii) pro- 
ducing more water vapour as the temperature rises, and (hi) raising 
the temperature of the saturated vapour in the space above the 
w'ater. The heat used in (ii) and (iii) is very small, and the small 
correction involved can be calculated. 

Thus there are known with high accuracy (a) the mass of water, 
(6) the rise in temperature, and (c) the energy supplied, from which 
the number of joules required to raise the temperature of one gram 
of water one centigrade degree is found. At 15° C. this is 4*1858 
absolute joules, so the result obtained for J' is 4*1858 absolute joules 
per 15° calorie. 

The CaJlendar and Barnes experiment. Until recently, the 
Callendar and Barnes experiment was considered outstanding for 
its accuracy, to which it was said the continuous-flow method contri- 
buted greatly. It is at first surprising to find this experiment 
omitted from Birge's list ; but there appears to have been some 
uncertainty about the elimination of heat losses, and Callendar’s 
final estimation of its accuracy was within about 1 part in 4000, 
w'hich just fails short of being quite comparable in accuracy with 
the three later determinations. 

As to continuous-flow calorimetry, the truth seems to be that with 
modern equipment and technique, ordinary rise-of-temperature 
calorimetry is capable of giving results as good as, or better than, 
this method. Two of the three experiments quoted here used the 
temperature-rise method ; while Laby and Hercus, who used the 
continuous-flow method, state explicitly that they chose this for 
its convenience with their particular apparatus and not because it 
possessed any particular advantages in itself. 
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Variation of the specific heat of water with temperature. The ex- 
periments of Jaeger and] Steinw^ehr and of Osborne, Stimson, and 
Ginnings w^ere conducted at many different ■; temperatures, and 
enabled the number of joules required to raise one gram of water 
one centigrade degree at different temperatures (that is, the specific 
heat of water in joules per gram per 1° C.) to be calculated. The 
results are compared with those of Callendar and Barnes on the 
graph accompanying, which also shows the result of Laby and 
Hercus at 15® C. and that of Rowland at 20® C. 
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Variation of specific heat of water with temperature (°0.) according 
to different observers. Rowland’s result at 20° C., and that of Laby 
and Hercus at 15° C., are also sho-wn. 
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GAS LAWS AND WORK 

External work done by an expanding gas. Consider unit mass (one 
mole) of any gas enclosed in a cylinder (Fig. 113) fitted with a 
frictionless piston of cross-sectional area A sq. cm. The volume of 
the gas is F c.c. at pressure p dynes per sq. cm. 

Let the gas expand, moving the piston out a distance dx. The 
change in volume dF is Adz, Now the force exerted by the gas 
on the piston is pA dynes, so 

w^ork done by gas =pA dx ergs. 

But Adx^dV. 

work done by gas=pdF ergs. 

Work done in this way, against an external resistance when a gas 
expands, is said to be external work. 
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Fig. 113. — Work done by expanding gas. 

If the volume of the gas is reduced by an amount iF, 
work done by gas = ergs, 

or work done on gas -jp dV ergs. 

This is for a small expansion by a small element of volume. For 
a finite expansion from initial conditions to final conditions 

P 2 J Fg, the external work done by the gas is 

fFa 

I pdV ergs. 

JFi 

Isothermal change for perfect gas. For a finite expansion 
from pi, Fi to p^, V 2 CLt constant temperaiure, Boyle’s Law is obeyed, 
so for all values of p and F, pV w'here k is a constant, and 
p^kjV, 

Hence, work done = f ^ dV = k{ ^ 

J Fx F jVi y 

-^(InFg-lnFi) 

= ergs. 

Three alternative expressions can be substituted for the constant k 
in this expression. If The the absolute temperature on the ideal gas 
scale and R the gas constant for one mole of gas, 

pY :=.RT 

also Pi Fi -P 2^2 - 

Hence, work done by gas is 

F F F# 

(1) RTbij/ erg8^ or (2) |>|FiIn*^ei!gs, or (3) fgF^ln^ei^s. 

Ft Ft 
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As therefore ^ = 

hence three more expressions are available : 

(la) RTln^ ergs, or (2a) PiF^ln— ergs, or (3a) ergs. 

. 5^2 ,■ ' ■ ' 3^2 ' ' 

Expressions 1 and la must be multiplied by n to apply to w moles 
of gas, while the other expressions need no modification if the 'p\s 
and apply to the given mass taken. 

The foregoing expressions apply to isothermal expansions, but 
the original equation, 

m ■ 

external work \ p<iF ergs, 

J Fj 

always enables the external work to be calculated, whether the 
expansion takes place under simple conditions or not. 



DO V, 

Volume 
Fig. 114. 


Consider the graph of p against F for any change (Fig. 114). 
Let the pressure at some point such as A be p ; let the volume 
increase by t^F to the point B, The area of the strip ABGD is 
pdVj so this area represents the external work done by the gas during 
the small expansion. The whole area LMNP between the curve 
and the axis of F from F^ to thus represents the external w’ork 
done by the gas in expanding from F^ to Fg. Such a graph is called 
a work diagram, or an iadicator diagram. 

In the isothermal case, the energy to provide the external work 
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must obviously be supplied as beat from outside. There is another 
important parbicular case, in V'hich the gas expands in an insulating 
cylinder so that no heat enters or leaves. Then the heat energy of 
the gas itself must be dravui upon to furnish the external work, and 
its temperature falls. Similarly, if the gas is compressed so that no 
heat enters or leaves, the external work done on the gas is converted 
into heat which cannot escape and the temperature rises. Such 
changes are called adiabatic expansions and adiabatic compressions ; 
they vdil be discussed more fully later. 

Beal gases. Internal work. Van der Waals’ equation supposes 
that in an actual gas the molecules attract one another appreciably. 
Then, if the volume of the gas increases, work is done by the gas 
in separating the molecules against these attractive forces. This 
is called internal work, and just as we say that the work done in raising 
a weight vertically (or separating the weight and the earth against 
the gravitational attraction between them) supplies potential energy 
to the weight-earth system, we can say that this internal work 
increases the potential energy of the molecules, or the internal 
potential energy of the gas as a whole. In Van der Waals’ equation, 
the effect of the attractions is supposed equivalent to a pressure 

TVs 

a I Substituting this for p in the expression pd}\ the internal 

work done by unit mass of a real gas on expanding from to 
should be 

or (-p^-^jergs. 

Law of conservation of energy. The law of conservation of energy 
can now be applied to the expansion of a gas. 

Suppose a small quantity dQ of heat energy is supplied to unit 
mass of gas. Let the resulting increase, in the internal kinetic 
energy of the molecules (or the increase in the heat content of the 
gas) be dE^ the internal work done against molecular attractions 
(or the gain in internal potential energy) be dJ, and the external 
work performed by the gas in pushing back an external constraint 
or expanding against an externally applied pressure be dIF. By a 
fairly general convention the symbol TJ is used for the total internal 
energy, the sum of the potential and kinetic energies of the mole- 
cules, so dU =dE +dL It seems more mstructive here to record 
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dl as a separate item, instead of working in terns of dU, as one of 
the chief points discussed in the succeeding sections is' whether or , 
not dl can be detected' separately. ■ 

Then, appljdng the law of conservation of energy, 

dQ=^ddCf +dW ===dE + 

all quantities being measured in the same units, either all in work 
units (ergs or joules) or ail in calories. 

For a perfect gas, since there is no attraction between the mole- 
cules, dl -0 ; this statement is sometimes called Joule's Law. 

The two chief specific heats of a gas. Consider unit mass of a 
perfect gas, for which dl =0. Initially, let its pressure be p, its 
volume F, and its absolute temperature T, 

Let be the specific heat at constant volume, and the specific 
heat at constant pressure. 

Let the temperature be raised from T to T + dT, the volume 
being kept constant. No external work is done, so ^^IF=0. The 
heat put in is G^dT^ so as (^/=0 and dW —0, from the equation 

G^dT^dE. 

Again, let the temperature be raised from T to 
pressure being kept constant. The volume F then increases to 
F -f dF, and external work dW -pdV ergs ^pdVjJ calories is done. 

The heat put in is dT, and as dQ = dE-h dW, 

G^dT^dE + dW, 

But dE is the same as in the first case, G^ dT, 
so G^dT^G^dT-^dW, 

or (C^ ~ G^)dT =dTf , the units being calories on both sides. 

Now dTF dF ergs dF jJ cal. 

As pF = RT^ ^ dF== i? dT for a constant pressure expansion 


dT, units being calories on both sides. 


in 1842, calculated the value of J using this equation. 
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Note the assumptions that have been made in deriving it. These 
.are : 

1. That the law of conservation of energy :dQ===.dJ?-f d IF + 
^holds. 

2. That there is no internal work done, bo d/==0. 

3. That the equation of state of the gas is pV - RT, 

Internal work done when a real gas expands. If a. fixed' mass of 
gas is made to expand in such a way as to do no external work, it 
should be possible to detect the effect 
of internal work, since, if internal work 
is done, the*^ only source available to 
furnish internal potential energy is the 
internal kinetic energy, which is thus 
reduced, so that cooling should result. 

In 1845 Joule carried out an experiment 
to look for this work. Two copper vessels 
A and B (Fig. 115) were connected by a 
pipe fitted with a stopcock C, The vessel A contained dry air at 
22 atmospheres pressure, while B was exhausted. Both vessels were 
placed in a water bath, the temperature of which could be read to 
1/200® F. The temperature of the water was noted, and the 
stopcock opened. Air passed from A to B until the pressures in 
each vessel were the same. The water was stirred, and the tempera- 
ture taken ; no fall in temperature was observed. 

Considering the expansion more closely, the first small quantity 
of air emerging from A expands into a vacuum, and so really does 
do no external work. But after this, the rest of the air does external 
work in compressing the air in B. The vessel A should thus in any 
event cool. But the air which first reaches B is compressed by 
that which follows it in, so that external work is done on jB ; B should 
therefore rise in temperature. As the external work done by the gas 
in A equals the external work done on the gas in JS, the heat loss in 
A equals the heat developed in R. Joule performed a second experi- 
ment with the same two vessels immersed in separate w^ater baths, 
and observed that this apparently happened, no cooling of the w^hole 
gas attributable to internal work being detected. 

In view of the large heat (Opacity of the apparatus and 
mass of air employed, it is not surprismg that Joule failed 
any internal work effect. The experiment really shows, , 
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no internal work is done when a gas expands, but that any interna! 
work done must be very small. 

A different type of experiment was done by Joule and William 
Thomson (Lord Kelvin). In this, a stream of the gas under 
examination was allowed to expand freely through a porous plug 
of cotton wool or silk fibres. This expansion, of course, does 
external wwk ; but (if Boyle’s Law is obeyed), this external work 
is not done at the expense of the internal energy of the gas, since 
it is supplied by the compressor which maintains the continuous 
stream of gas through the apparatus. The porous plug ensures that 
the gas issues turbulently ; since, if it streamed through a single 
jet, energy would be used in supplying kinetic energy to the jet as 
' a' whole. ; 

The gas was passed slowly and uniformly through a long copper 

spiral immersed in a stirred water 
bath kept at uniform tempera- 
ture. At the top of the copper 
tube a boxwood tube (66, Fig. 116) 
was fixed, and this tube contained 
a plug of cotton wool or sill?: fibres 
between two perforated brass 
plates. Outside the tube was an 
insulating belt of cotton wool d, 
A thermometer bulb was placed 
with its bulb just above the plug, 
and this was surrounded by the 
glass tube. 

The results may he summarised 
as foUoTO r ^ ^ 

1. AH gases show a change in 
temperature on passing through 
the plug. This is called the Jouie- 
Kelvin (or Jouie-Thomson) effect. 

2. This change in temperature 
is proportional to the difference 
between the pressures on the two 
sides of the plug, 

3. At ordinary temperatures, 
all the gases examined, except 



Fig. 116, — ^Porous-plug experiment. 
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hydrogen^ showed a cooling.' Hydrogen showed a rise .in, tempera- 
ture. The, mean values between . 0® C. and 100® C. for the^ tempera- 
ture change for 1 atmosphere pressure difference are : ■ 


Nitrogen 

0-249® 

■ cooling 

Oxygen 

0-253® 

cooling 

■Air . 

0-208® 

cooling 

Carbon dioxide 

1*005® 

cooling 

Hydrogen 

0-039® 

rise in temp. 


Later experiments showed that : 

4. For every gas there is an inversion temperature. If initially 
above this temperature, the temperature of the gas rises on passing 
through the plug. Below this temperature, the temperature of the 
gas falls on passing through the plug. The inversion temperature 
for hydrogen is about 190® K., and for helium about 30® K. For 
the other common gases it is well above ordinary temperatures. 

Explanation of results. If the gas obeys Boyie^s Law, there is no 
external work done by a free expansion. But if the gas does not 
obey Boyle’s Law, there will be external work as weU as internal 
work done. Suppose for a moment that the temperature on both 
sides of the plug is maintained constant (making Boyle’s Law 
relevant) by suitably supplying or removing heat. 

Consider a fixed mass of gas at the high pressure ; let its volume 
be The external work done on the gas in passing it through the 
plug at constant pressure p^ is volume be F 2 on passing 

through the plug, and the pressure (atmospheric) be pg- The work 
done by the gas in pushing back the atmosphere is thus P 2 V^, If 
Boyle’s Law is obeyed, PiVi^p 2 V 2 f and no external work is done. 
But a real gas only obeys Boyle’s Law closely at its Boyle tempera- 
ture. Above the Boyle temperature, pF is greater at high pressures 
than at low” pressures, and PiF^ is greater than p^V^- Below the 
Boyle temperature pV is less at moderately high pressures than at 
low” pressures, and PiVi is less than ^ 2 ^ 2 * 

If the temperatui’e is above the Boyle temperature, then PxF^ is 
greater than P 2 ^25 rrork done on the gas by the compressor 

exceeds that done by the gas on the atmosphere, the internal energy 
of the' gas is increased, and heat must be removed to keep the 
temperature constant, or, if this is not done, a rise in temperature 
r^ults. 
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If the temperature is below the Boyle temperature, then, is 
less thanp 2 F 2 , the external work done by the gas is greater than that 
done on the gas, and the internal energy of the gas is drawn upon : 
heat must be supplied from without if the temperature is to remain 
constant, and, if this is not done, there is a fall in temperature. 

Thus the sign of the external work contribution to the observed 
eSect dejjends on -whether the gas is initially above or below" its 
Boyle temperature. At ordinary temperatures the cooling is the 
sum of the external w^ork and internal w’ork coolings for most 
gases. While for hydrogen (and helium) the heating is the 
difference between the external work heating and the internal work 
cooling. 

Left at this stage, the chief theoretical question seems still 
unanswered. There still seems no clear proof of molecular attraction 
since (a) cooling does not invariably occur, and (d) much of the 
cooling usually observed is attributable in the first instance to 
another cause, exterml work due to the deviation of the gas from 
perfect-gas behaviour (though this in itself is supposed partly due to 
attractions). But it is easy to calculate the external work effect on 
its own and compare this with the observed Joule-Kehun effect. 
From Amagat's results for the variation of with p for nitrogen 
and hydrogen,* the average value of atmos- 

phere pressure difference can be found and this, converted into 
calories and divided by Op, gives the temperature change for a 
pressure difference of one atmosphere. It appears that the external 
work cooling per atmosphere for nitrogen at C. should be 
about 0*08'’, and the heating for hydrogen about O-OS'’. As the 
observed temperature changes are -0*249® and +0*039®, the true 
interml work cooliTigs are about (0*249 -0*08) =0*169® for nitrogen 
and (0*05 - 0*039) =0*011® for hydrogen. 

Application of Van der Waals’ equation. It should be possible 
to explain the whole of the observations of the Joule-Kelvin effect 
in terms of the equation of state of a real gas.f 

Consider one mole of a real gas, and suppose that the temperature 
is maintained constant on both sides of the plug. The same 
symbols as before are used throughout. 

♦ See Preston, “ Theory of Heat ”, pp. 466, 467. 

f The following treatment is taken from Roberts’ ‘‘ Heat and Thermo* 
dynamics ”, Chapter 5. 
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The Van der Waals'. equation assumes that there is : iiioleeiilar 
attraction causing an efiectiye internal pressure a/F^. ' 

The external work done by the gas 'on passing through the plug is 

The intemal ^Tork is ' 




+ ergs. 


a a 


The total work done by the gas is 


P,y,-PxVx-f^ + Y^evgs. 

Now, Van der Waals’ equation (p + ( F - 6) = RT when 

expanded becomes pV -~=^ET. 

Neglect the product ab as a small quantity of the second order, and 
in the first order term a/V substitute the approximate value pjRT 
for 1/F, so that the approximate form of Van der Waals’ equation 
becomes 


pV^RT-^^bjp. 


Hence Px^x^RT -^ + bp^, PzV.^RT -^-rbp,, 

and the external work ^52^2 -2^1 ~ ~P2)- 

Again, substituting pjRT for 1/F in the twQ small terms a/F 2 
and u/Fx, ajV^ ^.nd ajV^^PilRT ; 

so the internal work ~ 

Hence the total work done is 

{'St ~ 0 ^St^^ 

As Px is always greater than the first bracket determines the 
sign of this work. 

If > 6 , or T<-^, work is done by the gas, and hence 
to maintain isothermal conditions heat must be supplied ; in the 


2S6 


A TEXT-BOOK OF HEAT 


actual porous plug experiment tMs heat is not forthcoming, and 
the temperature of the gas falls. 

If <b, or ^ ^ > work is done on the gas. Heat must 

be removed to keep the temperature constant ; if it is not removed, 
the temperature of the gas rises. 

The value clearly gives the inversion temperature of the 

gas, which we vill call 

According to Van der Waals’ equation, the critical temperature 

^ - 8a -r-r 2a 8a 27 

T, equals^. 


Hence = 


M • 27M 4 


= 6-75. 


T, 


Experimentally, according to Ruhemann, the value of is 
actually about 5*8 for aU gases. 

The inversion temperature of the Joule-Kelvin effect must not 
be confused with the Boyle temperature. At the Boyle temperature, 
the second viriai coefficient is equal to zero. Van der Waals’ 

equation (see p. 170), gives for B^ the expression B^ = ^6 
the Boyle temperature at which =0 is thus ^ 


Bb 


Hence 


T, 2a 


■= 2 . 


Tj, Eb ‘ Eb 

Thermodynamical reasoning beyond the scope of this book (see 
Birtwistle’s '' Principles of Thermodynamics ”) leads to the following 
expression for the fall in temperature per unit pressure difference, 
which may be written dTjdp, for constant internal energy : 


dp c^rKdTj, 


where is the specific heat at constant pressure, and is the 

rate of change of F with T when p is constant. ^ 

For a perfect gas, 

*"■ ^ (^) = whence T - F = 0, and 


dT . 

IS zero. 


dp 


INVERSION CURVE 
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• F is not zero, and from a knowledge of 


its value, obtained by finding for the ' Joiile-Kelvin effect,. , the. 

degree of departure' from '.perfect-gas behaviour can' be ascertained 
and the correction which should be applied to a gas thermometer 
employing that gas can be found. 


At the temperature of inversion, as • 


. rp(dV\ 


This leads to further interesting results for a gas obeying Van 
der Waals' equation. 

Using the reduced form of Van der Waals' equation, 

fp^ 4 -^)( 3 F^--l)= 8 T,., the values of and 1% are sub- 

^ U rJpr 

stituted in the equation T ~ F - 0. 

The corresponding values of and satisfying this condition 
all lie on a smooth curve which is more or less as shown in the figure, 
and should apply to all gases. It is called the inversiou curve. 

dT 

For values of and vithin the curve, is positive, and there 
is cooling. For values of and T,. outside the curve, is 


negative, and there is heating. 
It can be seen that at any 
given pressure less than the 
extreme value (p^ about 13) 
there are two inversion tem- 
peratures. One is the or- 
dinary inversion temperature 
T,., at which the heating effect 
gives place to cooling, and 
the other a much lower tem- 
perature Tp at w^hich cooling 
gives place again to heating. 
According to Birtwistle, the 
ratio T^/T^ should be 9 for a 
gas following Van der Waals’ 
equation. 



0 6 to 15 


Pr 

Fig, 116 (cjs), — ‘^I nversion curve” for 
Jdole-Kelviia effect, plotted m terms of 
“ reduced ” pressure and temperature. 
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^ J ABIABATI C : CHANGE ■ ' 

When a gas is expanded or compressed in sncli a way that no heat 
enters or leaves the gas, the change is, said to he adiabatic. If the 
gas expands, doing external work, the internal energy of the gas is 
diminished by an amount exactly equal to the amount of externa! 
work done, and the temperature falls. Similarly, if external work 
is done on the gas by compressing it, the internal energy is increased 
and the temperature rises. 

The kinetic theory enables us to picture how this happens. 
\Wien a molecule strikes a surface, the velocity refei'iJe to the 
surface in a direction normal to the surface is reversed in sense but 
unaltered in size. If the velocitj?^ normal to the surface be u, and 
the surface is at rest, the rebound velocity in this direction is u. If 
the surface is receding with velocity v, the rebound velocity is 
u - 2t\ while if the surface is approaching with velocity the rebound 
velocity is u+2v. Imagine the gas to be in a cylinder closed by a 
piston. If the piston move out so that the gas expands, every 
molecule striking the piston during the motion rebounds with 
reduced velocity, so the average kinetic energy of the gas is lowered 
and the temperature falls. Sirndarly, if the piston move in so 
that the gas is compressed, every molecule striking it during the 
motion rebounds with increased velocity ; hence the average 
kinetic energy is raised, and the temperature rises. 

When a perfect gas undergoes adiabatic change, the equation 
= which is always true under aU possible conditions, must 
of course hold. But, as T is changing as well as p and F, it must 
not be expected that Boyle’s Law, which only holds for constant 
temperature conditions, can be applied. The first step is to deduce 
the relation between p and F for a perfect gas undergoing adiabatic 
change. 

Consider unit mass of gas. The equation of the first law of 
thermodjmamics gives, in general, 

For a perfect gas, dl = 0, and, since no heat is supplied or removed, 

dE+dW^O. 

Suppose the volume changes from F to F + dF at constant 
assure p, the temperature consequently falling from T to T ~dT. 


' ' : ' ■ 





Then 


and 


:AimBATm change 

' ; dE = dT calories, 
AW -pdV ergs calories, 

C^dT+^ = Q. 
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This equation contains three variables, F, and y,. and. to 
integrate it the number of variables must first be reduced to two. 

RT 


As 


Now, 


Dividing by 


V 

C^dT-r^^=(i. 
j y 

, ^dT B dV . 

■■ T=®- 

p -. n 


T 




and writing y for the ratio of the two specific heats, 

Integrating, lnT+( 7 ~l)lnP" = a constant ; 
or, In TFy~^ =a constant ; 

taking antilogarithms, TF^"^ constant (1) 

We can now substitute for T, as T=^pVjR, 
pV 

« a constant, 
li 

or, pF’'= a constant. (2) 

This is the required relation between p and F, the adiabatic 
equation. 

RT 


Also, as F , substitution in (1) gives 
— r =aa constant. 

py-i 


.( 3 ) 
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Eslemal work done during adiabatic change. Consider unit mass 
of gas initially at pressure dynes per sq. cm. and volume c.e , ; 
let it expand to pressure and volume V 2 at some other tempera- 
ture 

To find the work done by the gas, integrate the general expression 




pdV, 


For adiabatic conditions it is useless to substitute for p in terms of 
I" and T, as T varies ; hence the adiabatic equation = constant . 
is used to eliminate p. Write k for the constant. 

As pF^^h^ p=^hV"'^; 


and the external work done 
h 


kF-ydF 


1 


or 


=j: 

-f— 1 

ILFiV-i F^y-U 


ergs. 


•( 1 ) 


This is the w^ork done by the gas ; if F^ is greater than F^i external 
work has been done on the gas by a compressor, and then the 
expression has a negative sign. 

The expression may be made neater by substituting 
and p^iV^-h in the first and second terms respectively^ after 
removing the bracket. 

Then, work done by gas 

PiV Fa TV 


(y-l)FiV-i 
1 


-1 


ergs. 


•( 2 ) 




To express this in terms of the pressures, as F = \-\ , the formula 


becomes 


Pi 


h yly 


Pi- 






ergs (3) 


In applying formulae (1) and (3) to problems, the substitution 
yiFr’' is made for h. 
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Thus, for the external work done by a gas expanding adiabaticaily 

from ^1, Fi, to Pai • 

, fil\yr 1 1 i f ,v / .V-, 


^^iHabatic,, clirves. The graph of p' against V for a given heat 

content has the equation pV'^ = constant, and is cailed an adiabatic 

curve (Fig. 117). It should 

be realised that the constant \ 

is really a parameter which Is Y 

constant only for a given heat vA^ 

content, so that there is a . 

complete family of adiabatics \ 

for a fixed mass of gas, not j ust | \ 

The adiabatics are ^ v\ 


one curve. 

steeper than the isothermals, 
since if the gas expands from 
the point represented by A 
to the point represented by 
B, the temperature falls, say 
from to ; so that while 
..4 is one point on the 
isothermal, B is one point 
on a lower isothermal, that 
fcr In general, the adiabatic passing through the point 

(Pn IS steeper than the isothermal through that point. 

For the adiabatic, ^7^ = constant, 

dp + yp dV —Qy 


Volume 

Fig. 117. — ^Adiabatic curve compared 
with isotbermals. 


So the slope of the adiabatic at {p^, Fj) is - 
For the isothermal, pF -constant. 

^ F#+pdF=0- 


and the slope of the isothermal at (p^, Fj) is -Pi/Fx* 

The gradient of the adiabatic at any point is thus y times as great 
as the gradient of the isothermal through the same point. 
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Determination of y. Meastirements of changes of two of the 
variables in an adiabatic change enable y, the ratio of the two 
specific heats of a gas, to be found directly ^ The available methods 
may be classified as : 

L Observation of a single sudden adiabatic expansion or com- 
pression, as in the experiment of Clement and Desormes. 

2. Observations of fairly slow alternations of adiabatic expansions 
and adiabatic compressions, as in the oscillating-peiiet method of 
Riichardt. 

3. Measurement of the velocity of propagation of a sound wave, 
w^hich is a series of rapid alternations of adiabatic expansions and 
adiabatic compressions. 

In every case we shall assume in our descriptions of the experi- 
ments that the equation ^constant is true. This equation is, 
however, the equation for the adiabatic of a perfect gas ; it must be 
corrected for the deviations of the gas under test from the gas laws 
before it can be used to calculate the results in accurate experi- 
ments. 

Single-expansion methods. In the experiment of Clement and 
Desormes, a modification of which is described below% the gas is 
allowed to expand suddenly from a pressure p^^ a little above 
atmospheric, to atmospheric pressure p^. This expansion is adia- 
batic. The gas is then allowed to stand to regain the temperature 
of the surroundings, the pressure rising to p^. This is the pressure 
which would have been attained if the original expansion had been 
isothermal, since the initial and final temperatures of the gas are the 
same. 

Consider the fixed mass of gas left in at the end ; this has ex- 
panded from volume Fj (less than that of the vessel) to Fg (the 
volume of the vessel). The three successive stages can be repre- 
sented by the points A, B, and C on the pV diagram (Fig. 118). 

As the expansion from A to B is adiabatic, 




=!Poy^. 
F,Nr 


■m 


" Po 

As the final state at G is that which would have been attained 
iaotherinally, „ p 
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Volume 

Fig. 118. — Stages in Clement and Desormes’ experiment. 


Substituting for 


in the first expression, 


Taking logarithms, 

log^Ji -logi5o=y(logi)i 

. log Pi- log Po 
•• ^ log Pi -log Pz' 

Thus, if Ply Pq, and p 2 are measured, the value of y can be 
calculated. 

The apparatus used in the usual laboratory version to find y for 
atmospheric air is shown in Fig. 119. A large vessel A, capacity 
several litres, is fitted with a wide stopcock By a tube with a bicycle 
t3n’e valve 0, and a manometer D containing oil. It is really 
unnecessary to surround the vessel with insulation, since the 
expansion is so rapid and the contained air is itself a bad conductor. 
Air is sent in through C by means of a bicycle pump until the head of 
oil registered by the manometer is about 10 or 15 cm. The vessel is 
left to stand until the manometer levels are steady, and the air in 
the vessel has regained the steady surrounding temperature. The 
head of oil, is then observed. The stopcock is opened for a 
second or so, and quickly closed. The manometer is seen to fall, 
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and then to climb gradnally up to a 
steady head ^Mch is observed. 

^ From these two readings alone the 

value of y is calculated. 

If we take I cm. of oil as the 
unit of pressure, Pi and 

? If \ and ^2 small compared 
■ with Pq, the formula deduced on 
Of p. 263 simplifies to 


as an approximation, which is 
satisfactory enough within the limits 
of this experiment. 

Although this approximate for- 
mula can be deduced more simply, 
as is done below, it is 'worth while to deduce it from the true formula, 
since this makes clear the size of the approximation made. 

T£ f Pi=Po+K and =po + h^, 


Fig, 119. — Apparatus for Ciement 
and Desormes’ experiment. 


Whence 


The logarithms could have been taken to any base, and we might 
just as well write : 
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. hiPo __ h 

hlPo-hzlPo h-h 'X 

In an experiment may be about 12 cm. of oil, and po about 

1200 cm. of oil, — = 0-01 and | (— ] = 0-00005, so an error of the order 

of 0*05 per cent, in each term is 
made by the approximation, re- 
sulting in an overall error of about 
this value, which is very much 
smaller than the experimental error 
when the experiment is done with 2f 
the apparatus described above. | 

The approximate formula can i 
be derived from the fact that 
the slope at A of the adiabatic 
through A is y times the slope of 'p 
the isothermal through that point. ^ 

For, i£ A B and AG are so small 
that they can be regarded as por- ^ 
tions of the tangents to the two 
curves at A (Fig. 120), 

* slope of adiabatic 


Volume 
Fig. 120. 


slope of isothermal = . 

* _ slope of adiabatic _ AjD . AE _ AD _ \ 

' ‘ ^ ”slope of isothermal DB ' DB ^ AE ^ 

Clement and Desonues used vessels of capacities 3 litres and 10 
litres in two sets of experiments, the earlier of which used adiabatic 
compression, the other being as described here. Later experimenters 
using the single-expansion principle had much larger vessels. 

Apart from minor corrections, such as allowance for the change 
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in volume of the manometer, and for the fact that the gas is not 
perfect, there is one grave inaccuracy in the method. K the stop- 
cock is sufficiently wide to allow rapid expansion of the air, oscilla- 
tions occur, and it is impossible to tell when to close the stopcock. 

This difficulty is overcome in the method of Lummer and Prings- 
heim, later developed by Partington, in which the fall in temperature 
due to the adiabatic expansion is measured by means of a sensitive 
bolometer, vhich is a platinum resistance thermometer of very small 
heat capacity, connected in one arm of a suitable sensitive resistance 
bridge. 

If K. be the temperature at the initial pressure and 
Tq K. the temperature at then as T-pjpp'-'^ = 



logTi-logTo 

logPi-log^Jo 


for a perfect gas. 


Lummer and Pringsheim used a 90-litre globe of copper. Parting- 
ton and Shilling* point out that this method is subject to 
at least four possible sources of error, which were : (1) heating of 
the bolometer by conduction, from the gas and along the leads ; 
(2) convection currents from the lower warmer walls ascending 
through the gas ; (3) direct heating of the bolometer by radiation 
from the walls of the vessel ; (4) lag of the bolometer. 

In Partington’s experiments, a short-period string galvanometer 
was used in the bolometer bridge. This enabled the progress of 
oscillations to be followed, and so the diameter of the orifice through 
which expansion took place could be adjusted to a size at which 
oscillations did not occur. The expansion vessel was of metal and 
of 130 litres capacity ; it was surrounded by a water hath. The 
method of experimenting was to unbalance the bridge by a definite 
amount, corresponding to a fixed but as yet unknown temperature 
fall, and then find by trial the pressure change needed to give exact 
balance of the bridge when expansion occurred, the initial and final 
pressures then being measured. Next, the; ^^mperature of the 
water bath surrounding the metal vessel slowly until 

the bridge was exactly balanced again, and th^^Bperature of the 
bath, as well as the temperature before the explosion, was measured 
on a standardised mercury thermometer. Thus, corresponding 
valu^ and Tq were found ; in computing the value of 

* “ The Specific Heats of Gases.” 


I 



SLOW-OSCIiJLATION' METHOD . ; ' ^ ' ^ 

y, the equation of p, 266 was. modified to allow for;the fact tli.at .the 
actual gas used is not a perfect gas, and Van der Waais'. equatiori 
was Assumed for this modification. 

^w-oscillation method. . The experiment in . this form was 
dfecribed by Euchardt in 1929, though earlier 
experimenters had attempted it with pellets 
of mercury instead of the metal sphere he 
used. It cannot be an accurate method, ^ 

since, if the oscillations are slow enough to ® J 

be timed, it is unlikely that they will be pro- 
perly adiabatic. It is described here because ^ 

the calculation has some instructive features. ' ^ ^ ' 

A large flask of known volume has an ^ P 

accurately cylindrical glass tube set vertically 
in its neck. Inside this tube an accurately f 
spherical ball-bearing of the same diameter 
as the bore of the tube is free to oscillate, as 
in Fig. 121. V 

Let m gm. be the mass of the ball ; A sq. 
cm, the area of cross-section of the tube ; 

V c.c. the volume of the flask up to the zero 

position of the ball; dynes /sq. cm. the ^ 

atmospheric pressure; and p dynes/sq. cm. 

the pressure in the flask. 

The ball is at rest when + ^ dynes/sq. cm. 

If the bail is depressed a distance m from this mean position, the 
pressure of the contained gas increases by dp, and the restoring force 
towards the mean position is A dp dynes. 

, dF 

As p F^ = constant, dp = - >p • 

Now the change in volume, dF, is Ax, 


X dynes, and the acceleration 


whence the restoring force is -yp 
towards the mean position is 
ypA^ 

iA rv* (vr 
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As the acceleration is proportional to the displacement x, and is 
directed towards the mean position, the motion is simple harmonic. 


the period T =27? v being 

^ acceleration ® 


^ 'lypA^’ whence . 

T. i-i 1.* r 4:7T^mV 

or, substituting tor p, y ~ ■■■■ ■ no— .. r- 

Velocity of sound method. The velocity of sound in a gas at 
pressure p and density p is given in its simplest form by the equation 


477% F 



The compressions and rarefactions in sound waves succeed one 
another so rapidly that they are adiabatic. 

As = constant, and density is inversely proportional to 
volume, we can WTite p ^cp^, where c is a constant ; 


dp _ dp 

•• 


and 


dp p ^ 
dp~'^ p’ 


’"'lienee m=a/^ and y=^. 

This expression is only strictly true for the velocity of sound in 
an unrestricted volume of gas (supposed perfect). In an enclosed 
tube the value of the velocity is a little different, and corrections 
which depend on the gas, the tube, and the frequency of the sound 
have to be made. 

In Kundt’s Tube experiment (Fig. 122), the source of sound is a 
rod clamped at its mid point and set into longitudinal vibration by 



Node Node 


Antinode Antjnode 


Fig. 122.— Kundt*s tub©. 
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stroking with a resined cloth. One end of the rod projects into the 
tube of gas, and carries a flat plate A which nearly fills the area 

of the tube, ' ■ 

The frequency n of the note eniitted when the rod is stroked is 
first determined by methods not here described. The other end of 
the long tube is closed by a sliding rod, which also carries a flat 
disc B. 

The wave-length A of the sound in the gas, the velocity u, and the 
frequency n are connected by the equation 

ii=n\. 

As n is known for the rod, u can be calculated if only A is 
measured. 

If the distance AB is suitable, a stationary wave system is set up 
in the tube by the superposition of the waves reflected at B upon 
those propagated from A. In such a system, points of no 

disturbance (nodes) occur at intervals of ^ , measured along the 

tube, and points of maximum disturbance (antinodes) haif-way 
between the nodes. The distance between successive nodes is 
thus A/2, as is also the distance between successive antinodes. 

A thin layer of dry lycopodium pow^der or fine cork dust inside 
the tube makes the stationary wave system visible, since this is 
thrown into violent agitation at the antinodes, and collects there m 
fine transverse streaks when the vibrations stop. The disc B is 
moved forwards until a sharply defined pattern, as shown in the 
figure, is obtained. 

The \vave-length A is determined by measuring the distances 
between the dust traces, and u is calculated. The values of p and p 
are determined, and y found from the formula y - pu^/p. 

A later modification of this method is that of Behn and Geiger, 
w'ho used a closed tube of the gas under test instead of a solid rod 
as the source of sound in a Kundt's tube (Fig. 123). The dust 
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Fig, 123, — Belm and method. 
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pattern inside the source tube is compared with that in the Kundt's 
tube containing air, and thus the wawe-Iength in the gas is compared 
with that in air. As n, the frequency of the note of the gas tube 
is of course the same both in gas and in aii% ?/gas/%ir ==,^gasA^^^ 
Yalue of y for a perfect gas. Apart from its importance in calcu- 
lations on adiabatic changeSj knowledge of the value of y is extremely 
important, as it helps to decide whether a gas is monatomic, diatomic, 
or potyatomic. 

The experimental results show that, at 0® C., and one atmosphere 

.^^pressure : . 

for all monatomic gases y is very close to 1*666, 
for man}" diatomic gases y is very close to 1-40, 
for all polyatomic gases y lies between 1*40 and 1*0. 

It is possible, by making certain assumptions, to calculate what 
the value of y should he for perfect monatomic and diatomic gases. 

For a monatomic gas, the internal kinetic energy E is the sum 
of the kinetic energies of translation of the molecules. Considering 
one mole, with the usual symbols, ; 

but ^ F = and = RT, 

Whence i? =|pF ergs =| ^ T cal. 

M d 

Let the temperature of unit mass be raised by dT^ at constant 
volume. The heat supplied is dT caL, and the increase in internal 

Q 7? 

energy dE dT caL 


Thus dT ■■ 

Now, 

whence 


3 R 
~2 J 




dT 


SR 

r + 


and 
R 


G„ 


3i? 

"~2T 


J' 

R 


5 R 


2 J ' J~2 J’ 


For one mole, 
and 

whence 


0 . 5R BR 


R-- 

J-. 


I-1.667. 


:8-3 X 10’’ erg/mole/°C., 

; 4-18 X 10’ ergs per calorie, 


R 


j=2 cal. /mole /centigrade degree, nearly. 
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Thus the numerical values of the specific heats (the heat capacities 
of one mole) are approximately 

035 = 5 eaL per mole per centigrade degrees 
and 03 , = 3 caL per mole per centigrade degree, 

for a perfect monatomic gas. 

In deriving the . formula pF for point (monatomic) 

molecules on p. 151, we considered velocities resolved parallel tc 
three independent axes at right angles. The point molecule thus 
has three mechanical degrees of freedom, and three independent 
•ways of possessing kinetic energy. As there is no reason a priori why 
any one of these should be favoured at the expense of the others, it 
seems reasonable to suppose that each degree of freedom is associated 
with one third of the total kinetic energy. That is, each degree of 
freedom possesses an amount of internal energy IE This is 

known as Boltzmann's Law of Eqnipartition of Energy. 

To extend ihe^ecific heat calculation to diatomic gases, we may 
consider what extra degrees of freedom are available for a diatomic 
molecule. Taking the simplest 
possible picture of such a mole- 
cule, and regarding it as a kind 
of “ dumb beU (Fig. 124), the \ 
moment of inertia about any 
axis at right angles to will 
be large compared with the ^ 
moment of inertia about AB. ^ 

Thus, when the molecule is ^ 
spinning w'e can, by resolving i 
the angular velocity into com- * 
ponents about the perpendicular 
axes AB, CD, EF, and retain- 
ing only those about CD and 
EF for which the moment of inertia is appreciable, see that there arc 
two extra degrees of freedom, since kinetic energy of rotation about 
two independent axes may be poss^sed in addition to the kinetic 
energy of translation. 

Thus, according to the Law of Equipartition of Energy, if there 
are five degrw of freedom in aU, and each is associated with intenaJ 
anei^ the total internal energy is E ; 


K.E, large, m 
moment of 
Inertia targe 


K,£, negligible, 
as moment of 
Inertia negligible 
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whence 

5i2 7ii! 

' ^ ”*2 «/ ^ ~"2 eJ ’ 

and 

II 

11 

Oil 

11 

H- ' 


For more complicated molecules with x degrees of freedom in 
addition to those due to translation, this argument should lead to 

y j or, if ? 2 >is the total number of degrees of freedom, y = 1 + “ 

which becomes progressively closer to unity as x and n increase. 

The argument presented here is obviously shaky. For, if we 
understand the term '' degrees of freedom ’’ to mean independent 
■ways of possessing energy, the diatomic molecule of Fig. 124 has 
tW'O more. These are kinetic energy of vibration of the individual 
atoms along the line joining their centres, and the corresponding 
potential energy of vibration. The total possible number of degrees 
of freedom for such a molecule is thus seven instead of five, and 
the Law of Equipartition demands a total internal energy of IRT 
instead of -^ET, giving (7^ = 7 instead of 5 caL/mole/®C., and 
y = |= 1-29 instead of 1*40. 

For air, the value of y at 2000^ C. is about 1-3. Infra-red spectra 
furnish independent evidence for the occurrence of vibration as well 
as rotation. It thus appears that the seven degrees of freedom are 
available, but that only five of them are effective for air and most 
other diatomic gases at ordinary temperatures, while the other 
tAvo are rather grudgingly accorded acting rank '' at high tem- 
peratures. ^ In other w-ords, the Law of Equipartition of Energy 
does not hold, except perhaps as an approximation at very high 
temperatures. 

The calculation suggests also that and G^ should be indepen- 
dent of the temperature. This is not found experimentally, for the 
specific heats increase in value as the temperature rises. Similar 
observations equally irreconcilable with calculations based on the 
Law of Equipartition occur for the specific heats of solids (p. 74), 
and these alone would have sufficed to discredit it. But in other 
fields, in particular in radiation problems (p. 390), it leads also to false 
results. It is best, therefore, to regard the Law of Equipartition as 
a piece of common-sense intuition which is helpful in that it takes us 
some way -towards an explanation of the way in which y depends on 
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tlie, atomicity of a .gas, but is kaown to be erroneous as a general 
physical principle, 

Taiiation of C^, ani.y with temperature ani pressure. The 
specific heats and .0^. both increase,, while y decreases, .as the, 
temperature rises. Thus, according to Partington and Shilling, for 
air at 1 atmosphere and 0® C., 

03 , = 6*97, 0^=4-97 and =2-00 ; hence y=T402, 

while for air at 1 atmosphere and 2000® C., 

= 8*54, = 6*55 and 0^, - = 1 *99 ; hence y = 1 *302. 

The following results for air at 0® C. and 200 atmospheres show 
the effect of increasing the pressure : 

C\ = 8*695, =4*757 and - 6'^ =3*938 ; hence y = 1*83, 

It can be seen that calculations for the adiabatic compression and 
rarefaction of a real gas will not be so simple as those glv^en on p. 259 
for a perfect gas. In particular, the use of a constant value of y in 
problems on the internal combustion engine, -where very high 
temperatures and pressures occur, must lead to very inaccurate 
results. 

QUESTIONS ON CHAPTER VI 

1. Give a short account of the evidence that heat and work are 
quantitatively interchangeable. 

Describe an experiment by which the mechanical equivalent of heat 
can be determined in the laboratory. (O. & C.) 

2. Describe a non-electrical method of measuring the mechanical 
equivalent of heat. Explain your calculation. 

A roller-skater glides 50 times roimd the floor of a rink, keeping to 
a circle of average radius 7.8 feet, only one skate being on the fioor at 
any one instant. If each skate, of mass 1 lb. and specific heat 0-1, is 
raised in temperature 20 deg. F., calculate the average force applied 
by the skater in overcoming friction. Assume that 20 per cent, of the 
heat generated is received by the skates. (J = 780 ft. ib. wt. per 
B.Th.tr.) 

3. ^Vhat are the chief reasons for believing that heat is a form of 

energy ? 

Explain the statement that 4*2 x 10’ ergs are equivalent to 1 calorie, 
and describe an experiment involving the com^'ersion of mechamcal 
energy into heat by which it may be checked. 

Calculate the number of foot pounds weight which are equivalent 
to the quantity of heat required to raise the temperature of 1 lb. of water 
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1 deg. P. Assnme that 1 ft. = 30*5 cm. and that the acceleration of 
gravity = 980 cm. sec. (J.M.B.) 

4. Give an acconnt of the evidence for onr belief that heat is a form 
of energy. 

A lead bullet of mass 20 gm. enters a fixed block of wood with a 
velocity of 10,000 cm. per second, and is brought to rest in the wood. 
Calculate (a) the heat developed in gramme-calories, (6) the rise of 
temperature of the bullet, if it is assumed that two -thirds of the heat 
produced is absorbed by the bullet. 

(J = 4*2 X 10^ ergs per gramme-calorie. Specific heat of lead = 0*032.) 

C.W.B.) 

5. ’What do you understand by the mechanical equivalent of heat? 
Describe an experiment to determine it, pointing out what precautions 
must be taken to obtain an accurate result. 

A ear weighing 1,000 kilograms descends a hill of slope 1 in 10 with 
the engine disengaged at a uniform speed of 40 kilometres per hour. 
Find the rate of rise of temperature of the brake drums if all the heat 
developed by the brakes is retained by the brake drums. The brake 
drums together weigh 40 kilograms and are made of material of specific 
heat 0*1. {< 7 = 1,000 cm. per sec. per see.) (C.S.) 

0. Ui)on what experimental evidence does the extension of the 
principle of the conservation of energy to include Heat rest? Define 
specific heat and state how the calorie is related to the erg. 

A piece of lead falls from a height of 100 metres on to a fixed non- 
conducting slab which brings it to rest. Show that its temperature 
immediately after the collision is raised by approximately T*?'^ C. 

(The specific heat of lead is 0*0305 between 0^ C. and 100® C. 
1 calorie = 4*2 X ergs.) (C.S.) 

7. Describe a method of measuring the mechanical equivalent of heat. 

A bullet moving horizontally strikes a target and comes to rest. The 

initial temperature of the bullet is 25® C., its melting point 475® C., its 
specific heat 0*05, and its latent heat of fusion 61*5 calories per gram. 
Find the minimum velocity at which the bullet may melt completely 
on striking the target. The mechanical equivalent of heat may be 
taken as 4*2 x 10^ ergs per calorie. (O. & C.) 

8. Write an essay on the conservation of energy. (O. & C.) 

9. Explain carefully what is meant by the term “ mechanical equi- 
valent of heat 

Given that one calorie is equivalent to 4*2 x 10^ ergs, find an ex- 
pression connecting the difference of temperature at the top and bottom 
of a waterfall with the height of the fall, assuming the potential energy 
of the water is all convert^ into heat. (0. & C.) 

10. Describe, indicating the necessary precautions, how you could 
determine either (a) the mechanical equivalent of heat, or (b) the heat 
evolved in the combustion of a given mass of coke. The reaction 
between carbon and oxygen takes place according to the equation 

Gcoke 4“ Og = COg 4* 90,000 cals. 

Compare the cost of heating water in a 70% efficient boiler using coke 
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at £2 per (metric) ton with the cost if a 98%. efEeient electric heater is 
used. The electrical energy costs', per kiiowatt-liour. ■ , (O..S.} 

li. Describe an electrical method of determining fJ., 

In the Callendar-Barnes flow calorimeter, it is, found that there is a 
rise in temperature of 3° C. when' the rate of :flow' is 5 gm. per sec. and 
a current of 0*75 amp. passes along the heating wire, the difference of 
potential between its ends being 100 wits. ' If the rate of flow is reduced 
to one-third of its foimer value, a current of O-o amp. gives the same 
rise of temperature. From these data determine the value of Jouie's 
constant. . . (O. 

. 12. .Define the gram-calorie, and explain what you mean by the 
mechanical equivalent of heat. Give details of the determination of 
tiic latter constant by a constant-flow electrical method. How may 
this method be used to investigate the variation of the specific heat of 
water %vith temperature? (C.S.) 

13. How can a value of the mechanical equivalent of heat be deduced 

from observations on the specific heats of gases? What assumjjtion 
is made in making this deduction ? Describe any experimental test of 
the correctness of the assumption. (C.S.) 

14. Define the mechanical equivalent of heat. Describe a method of 
measuring this quantity. 

Deduce an expression for the difference between the specific heat 
of a gas at constant pressure and the specific heat at constant volume. 
Find the value of for gaseous oxygen, given that 0^2180 calories 
per gm., the density of oxygen at s.t.p. = 0*00143 gm. per c.c. and using 
the normally accepted values for the other data required. (L.) 

15. Distinguish carefully between 0^,, the specific heat at constant 

volume and the specific heat at constant pressure, of a gas. What 
is the value of for a gas obeying the equation p (v-h)^RTl 

How would you measure the ratio of Cp to experimentally, and why 
is this ratio important in the theory of sound propagation in a gas ? (C.S.) 

16. Describe how the specific heat of a gas under constant pressure 
has been measured. 

Calculate a value for the mechanical equivalent of heat, given that 
the specific heat of air at constant pressure is 0*237 and at constant 
volume 0*168, the density of air at 0^^ C. and 10® dynes per sq. cm. 
pressure 0*001275 gm. per c.c., and the coefficient of expansion at 
constant pressure 0*00367 per degree C. Point out any assumptions 
made in the calculation. (C.S.) 

17. Describe a direct method of determining the specific heat of air 
at constant pressure, and explain how the result is calculated from the 
observations. 

If the density of air at n.t.p, is 0*001293 gm. per c.c., and its specific 
heat at constant volume is 0*169 calories per gm. per degree C., calculate 
its specific heat at constant pressure. (Density of mercury « 13*6 gm. 
per c.c, at 0® C., 4*2 x 10^ ergs per calorie.) (C.W.B.) 

18. Describe a method of finding'llie specific heat of a gas at constant 
volume. 
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Find an expression for the di:fference of the specific heats of a perfect 
gas at constant pressure and constant volume. Apply the expression 
to find an approximate value of this difference for helium. (Density of 
helium at 0® C. and 760 mm. pressure = 0*18 gm. per litre ; density of 
mercury = 13-6 gm. per c.c. ; mechanical equivalent of heat = 4-2 x 10’ 
ergs per calorie.) (O. & C.) 

19. What is meant by “ an adiabatic change Explain how the 

specific heat of a gas at constant volume is related to its specific heat 
at constant pressure and the mechanical equivalent of heat. Find a 
value for the latter, given that the difference of these specific heats for 
hydrogen is 0*97. (The density of mercury is 13-6 gm. per c.c., that of 
h^^drogen is 0*09 gm. per litre at k.t.p.) (0.) 

20. Describe what you consider the best method for the determination 
of the mechanical equivalent of heat, giving reasons for your choice. 

Show that J can be calculated if the difference in the molecular heats 
at constant pressure and constant volume for a perfect gas is knovm. 
Find its value if the volume of a gram -molecule of gas at n.t.p. is 22-4 
litres, and the difference in the two molecular heats is 2 calories. 
(gr = 981 cm. per sec. per sec., density of mercury =13*6 grams per 
c.c.) (0.&C.) 

21. What is meant by an adiabatic change ? 

Describe one method by which the ratio between the two principal 
specific heats of a gas may be determined. 

If the difference between these specific heats in the case of hydrogen 
is 0-97, obtain a value for the mechanical equivalent of heat. (The 
density of hydrogen at 0° C. and a pressure of 10® dynes per sq. cm. is 
0-09 gm. per litre.) (C.) 

22. What is meant by the specific heat of a gas (a) at constant 
volume, (6) at constant pressure? Deduce a value for the difference 
between the specific heats in the case of a perfect gas. 

Describe a method of measuring the ratio of the two specific heats of 
a gas directly. Why is a knowledge of this ratio important? (0. & C.) 

23. How can the specific heat of a gas at constant volume be measured 

directly? What information can be deduced about the molecular 
constitution of a gas from a knowledge of the ratio of its specific heats 
at constant pressure and constant volume? (C.S.) 

24. Describe a method of measuring directly the ratio of the specific 
heats of a gas at constant pressure and at constant volume. 

Why would you expect the value of the ratio to depend on the 
atomicity of the gas? (O, & C.) 

25. Explain how energy supplied in the form of latent heat to a liquid 
boiling at atmospheric pressure is consel*ved during the change from 
liquid to vapour. 

The volume of steam produced by the evaporation of 1 gm. of water 
boiling at 100° C. is 1,650 cm.® Calculate the internal work done 
during the change of state. 

(Latent heat of steam = 540 cal./gm. J = 4‘2x 10’ ergs per calorie. 
Density of mercury = 13-6 gm./cm.® gr = 981 cm./sec.®) (B.) 



CHAPTER VII 


HEAT ENGINES; THE SECOND LAW OF 
THERMODYNAMICS 

AisY device which will convert heat continuously into mechanical 
work is called a heat engine. Innumerable heat engines can be 
devisedj and, as will be seen later, one of the most fruitful "ways of 
attacking thermodynamical problems is by choosing a suitable 
imaginary heat engine to fit the requirements of each problem. 

The material which, on being supplied with heat, performs mechan- 
ical work is called the working substance. Ail practical engines use- 
one of two w^orking substances — either w^ater (in the reciprocathig- 
steam engine and the turbine) or air (in the internal combustion 
engine). We shall first discuss the theory of heat engines in 
general, without reference to any particular wwking substance. 
Next, the theory w^ill be applied to some problems in pure physics. 
Finally, the theory of one or two practical engines will be discussed. 

The ideal heat engine. Carnot’s cycle. Consider a fixed mass of 
any w^orking substance enclosed in a cylinder with non- conducting- 
sides and perfectly conducting base, and fitted with a non-conducting: 
frictionless piston, upon which 
w^eights can be placed. 

Three stands are available : a 
perfectly conducting stand X at 
a high temperature called 
the source ; a perfectly non-con- 
ducting stand Y ; a perfectly p 
conducting stand Z at a low 
temperature Tg®, called the 
sink. 

The following sequence of oper- 
ations is carried out ; it is repre- 
sented on the p - F diagram of 
Fig. 125. 

( 1 ) Starting with the substance 
at the state represented by the 
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point A on the diagram, the cylinder is placed on X, weights are slo^vly 
removed from the top of the piston, and the substance is allowed 
to expand isothermally to the state represented by the point B. 

(2) The cylinder is then placed on Y, and further expansion is 

allowed. This expansion is adiabatic, and it is continued until the 
temperature has fallen to st%te then being represented by 

the point 0. 

(3) The cylinder is placed onZ, and w’eights are slowly added to the 
top of the piston. External work is done on the substance, which 
reduced in volume, and gives out heat isothermally to the sink Z. 
This is continued until the point I>, which lies on the adiabatic 
through Ay is reached. 

(4) The cylinder is replaced on 7, and further weights are added 
to the top of the piston to compress the substance until the point 

is reached. 

The following observations can be made to begin with ; 

(1) The substance has been taken through a complete cycle of 
operations, and its state at the end is exactly the same as at the 
beginning. It starts at A and ends at A, Whatever has happene d 
t o the s ubstance during the .cycle is puite indep^^ of the internal 
energy of the substance at A, and hence also independent of the 
nature of the working substance used. 

(2) A quantity of heat, which we will call has been taken in at 
temperature and a smaller quantity, which we will call (Jg, 
has been rejected at temperature Tg®. The difference Q 1 -Q 2 
must he accounted for. By the First Law of Thermodynamics, 
this must be equivalent to the mechanical work done by the arrange- 
ment during the cycle. 

(3) The area beneath the Hnes AB, BCy represents the external 
work done by the substance in expanding, and the area beneath 
CD, DA, the work done on the working substance by the load 
applied to the piston. The difference between these two area.s is 
the area of the closed figure ABGDA ; and this represents the net 
amount of external work delivered by the engine during the cycle. 

(4) Measuring entirely in heat units, the total energy taken in by 

the engine is Q^. The external work delivered is - Q^, The ratio 

external work delivered 

total energy absorbed at high temperature 
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is called tlie efficiency of the engine. Thus the efficiency of this 

engine is ^ , or I . 

. ^ 1 .- . ■■■ ■ , . 

The cycle of operations through which the working substance 
has been taken is called Carnot's cycle. There are two important 
ways in which the Carnot cycle differs from that of any practical 
engine. First, the heat absorbed is all taken in at one constant 
temperature, and all the heat rejected to the sink is 0.ven out at 
another constant temperature. In this sense it is very muck simpler 
than any practical engine. Secondly, as no work is done at any 
stage in overcoming friction, and no heat is lost to J he, su rroundings, 
the cycle is completely reversible. This means that if we had carried 
out the whole sequence of changes in the reverse order, every 
operation would have been exactly reversed ; by supplying an 
amount of energy represented by the area ABC DA we could have 
expanded the substance adiabatically from A to D, caused it to take 
in a quantity of heat Qo, along DC, compressed it adiabatically from 
C to B, and caused it to reject a quantity of heat Qi in being com- 
pressed isothermaUy from B to A, In this sense it is an ideal heat 
engine, since in all practical engines work is done in overcoming 
friction and heat is lost to the surroxmdmgs. It can be seen that 
friction and heat loss both prevent perfect reversibility. If w^ork 
is done against friction when the piston is depressed, friction (which 
always opposes motion) does not furnish an equal quantity of wnrk 
to help the motion when the piston is raised — on the contrary, more 
work has to be done against friction. If heat is lost to the cooler 
surroundings when the substance expands^ the same cooler surround- 
ings do not supply heat when it contracts— on the contrary, they 
abstract still more heat. Two other lorn obvious conditions must be 
satisfied for complete reversibility. The base must be a perfect con- 
ductor of heat, and the operations must be carried out infinitely 
slowly — otherwise the isothermal stages cannot be realised reversibly. 

SECOND LAW OF THERMODYNAMICS 

It is a matter of common experience that when two bodies at 
different temperatures axe placed in contact^ heat flows from the 
body at the higher temperature to that at the lower temperature. 
It is not quite true to say without any qualification that heat 
always flows from a hot body to a cooler body, since if we operate 
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the Carnot cycle backwards heat will be taken in at and rejected 
at but this is not a normal case, for external work must then be 
done on the system. The results of experience can be summed up 
in Clausius’ statement : 

It is Mupossible for a self-acting machine^ unaided by any external 
agency, to convey heat from one body to another at a higher temperature ; 
this is one of the forms in which the important fundamental principle 
known as the Second Law of Thennodynamics has been enunciated. 

The Second Law of Thermodynamics deals with the availability 
of heat for the performance of work. We know from the First Law 
ihat if a body can he made to yield up Q heat units, a quantity of 
work given by the relation W ==JQ can be obtained from it. The 
Second Law tells us what prospect we have of making it yield up 
the heat at aU. It is not sufficient merely to have Q-^ heat units 
stored in the body at some temperature Tf " ; arrangements must 
be made for the flow of some part of it, Q2, to a body at a low’er 
temperature Tf", 

The First Law of Thermodynamics, in fact, corresponds to the 
Rugby Union’s ruling that a try shall count three points and a goal 
five points — very indispensable information for calculating which 
side has won the match. The Second Law of Thermodynamics 
corresponds to the whole of the rest of the rules of the game, as they 
might be deduced by an observant spectator. 

Applying the Second Law to reversible heat engines, the following 
conclusions are reached. 

( 1 ) The efficiency of all reversible engines working between the same 
two temperatures is the same, whatever the working substance. Con- 
sider two reversible engines E and F, and suppose that both reject 

heat units at Tf", wffiile at E takes in heat units, and F, 
the more efficient one, + heat units. If the two are now 
coupled together so that the less efficient E drives the more efficient 
F backwards, the combination will work continuously on its own 
(the Q2 rejected by at T^ being supplied to operate F), and at the 
same time transfer a quantity of heat BQ (the difference between that 
absorbed by E and rejected by F) from Tf" to Tf", a feat which is 
contrary to aU experience as expressed by the Second Law. Hence 
the efficiency of all reversible engines working between two given 
temperatures is the same, and is independent of the nature of the 
working substance. 
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(2) No BTigine working between two given temperatures axn be more 
efficient than a reversible one working between those temperatures. 
Tlie argmuent to prove tMs is essentially the same as that used 
above. For tbe more efficient engine conld be made to drive the 
reversible one backwards, and the combination would then be 
steadily transferring heat from the sink at the lower temperature 
to the source at the higher temperature and at the same time 
delivering a balance of useful work, which would he contrary to all 
experience as expressed in the Second Law. 

(3) The efficiency of a reversible engine is independent of the qvxxrdity 
of heat absorbed at the high temperature and the quantity of the working 
substance. This is easily shown, since an engine absorbing at 

should reject 2 Q 2 at Tg, giving an efficiency — ^ — ^ as before. 


^THE KELVIN ABSOLUTE SCALE OF TEM PERATURE 

The efficiency of a reversible engine working on a Camot cycle 
depends only on the two temperatures between which it operates, 
and is independent of the nature of the working substance. That 
is, the efficiency of a reversible engine is a function of the temperatures 
rnrhcerned and of nothing else. Here we have a property -wiiich is 
absolutely dependent on temperature and on temperature alone. 
This is the basis of the Kelvin Absolute Thermodjmamic Scale of 
temperature. 

Befimng a new’' scale of temperature (and for the pr^ent denoting 
temperatures on this scale by the symbol 6) such that, if a Carnot 
engine takes in* a quantity of heat Qi at temperature Of", and rejects 
a quantity of heat Q 2 at temperature then 


it is clear that the efficiency — equals — — , and thus the 

efficiency depends on the temperature alone. 

$ 0 

The defining equation lays down the basis upon which the 

Kdvin (TK.) scale of temperature is founded. It does not presoribe 
the numbering of the scale* nor indicate how the scale is to 
realised in practice. 
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For the numbering of the scale, let the size of the degree interval 
b©/ such: that .the, interval between the ice point and the steam point 
represents one hundred degrees ; let be the temperature of the 
ice point, and (Bq + 100)'' that of the steam point. Then if Qq and 
Qjqo are the quantities of heat absorbed and rejected by a Carnot 
engine working between the ice point and the steam point, 

^0 4- 100 _ Qiq0 
^0 Qo 

Assuming that both $ioo measured, this equation 

enables us to find Bq, the thermodjmamic temperature of the ice 
point. The numbering of the scale is thus settled. 

To realise the scale in practice, choose as the working substance 
which is taken through the Carnot cycle in the reversible engine 
a fixed mass (unit mass) of a perfect gas. 

On the^ ” V diagram (Fig. 
126) let the co-ordinates of 
the points x4, B, C, and D 
he P 2 F 2 , P2^3, and 

P4^4- v/;, 

As the gas is perfect, the 
internal energy is not affected 
by changes in volume (that 
is, no internal work against 
molecular,';' attractions ',n':eed 
be considered), and all the 
" heat ■ taken,.,'' in'';, at ; "the. ''.'high" 

■ 'temp'erature :' is . used'.,;,' in"' 'tiie,.::.^'' 
performance of external 
work, while ail the external work done at the low temperature on 
the gas is converted into heat. 

Let the temperature of the isothermal on which A and B lie*be 
on the perfect gas scale. 

Let the temperature of the isothermal on which 0 and D lie be 
on the perfect gas scale. r 

Then, for the isothermal expansion from A to B, external work 
done by gas at on the gas scale 



Fig. 126. — Carnot cycle for a perfect gas. 


Thus, 
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But this equals the heat Qi provided, here considered measiued la , 

work units, so 

Eor the compression from 0 to D, isothermally ,at on'^the 
■gas.scale, • ■ . . ■ 

external work done by gas- I pdV — J^Tgln F4/V3 ,* ' 

J Va 

external work done on gas- -jRTqIxi VJY^-RT^'hi F3/F4; ' 
and if the heat rejected is in work units, 

i?r,InF2/Fi hiVJV^ 

Q, ET^liiV^IF^-'T^^JnVJV^^ 

Before going further, it is worth noting that if then 

^2 = 0; but on the Kelvin scale, if <?2 =0, then Thus ike zero 

of the Kelvin scale is the same as the zero of the ideal gas scale. Do the 

d T 

two scales coincide completely? They must if which is 

true if = 1 or if Fg/Fj = VslV^. The nest step is to prove 

that VJvf^vllV,. 

As B and C lie on the same adiabatic, 

P2TV=F3TV; 

similarly, considering A and D, 

Z?Y Ps-fZsYSs 

V >r\pv fY 

^yJ fiFi”If,; p,v;- 

But as A and B lie on the same isothermal, and 

similarly for C and D, p^V 2 =^^4^4. 

Hence, cancelling in the above equation, 

^F,y-i_/F3y-x ^ T^3_Z?. 

,„and 


SO. 


or. 


;S (fi/ 

Thus the equation 


Qi 'y i ^y ziy i 

9 i-^ 

Qt^TY 


becomes 
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Q 0 

Comparing this with the equation ^ 5 it can be seen that the 

^2 ■ ' ' ' 

Kelvin Absolute Thermodynamic Scale of temperature and the ideal 
gas scale of temperature are identical — both giving the one really 
absolute scale of temperature. 

From now onwards, therefore, the symbol 6 will be discarded in 
this chapter, and the symbol T used for temperatures on the one 
absolute scale. 


EKTKOPY 

In the reversible Carnot cycle, taking in heat at K. and 
rejecting heat Q2 at Tg® K., Thus ^ » 

It is necessary now to introduce a new quantity called the 
entropy, /S, such that at any temperature K., at which a quantity 
of heat BQ is taken in, the gain in entropy BS is equal to SQ/T, The 
symbols SQ and BS can stand for large finite changes ; they are 
used here chiefly to emphasise that changes in entropy which occur 
when a system passes from one state to another, and not the 
absolute value of the entropy at any state, are the important 
quantities. If it is necessary to evaluate the entropy S for any 
state, this is usually expressed with reference to the value of S in 
some chosen state as zero. 

For the Carnot cycle, the gain in entropy of the working substance 
absorbing heat at is The gain in entropy of 

the working substance rejecting heat at is BS^^ 

(the minus sign is used so that this rejection can be written as a gain). 
Thus, 

since = |-|=0 or + 

So, for the working substance taken round a Carnot cycle, the alge- 
braic sum of the gains in entropy is zero. This is not a particularly 
important deduction, since the working substance is in its initial 
state again at the end of the cycle, and has not itself changed in 
any observable respect. 

But this can be looked at fi*omi the point of view of the whole 
system. The source loses a quantity of heat at K., and so 
gains entropy BS^, where BS^ = I the sink gains a quantity of 




i 







The idea of entropy is usually a difficult one to grasp. This is 
perhaps because there seems at first sight to be no need for its 
introduction. In mechanics, if two bodies of knoTO elastic pro~ 
pertim collide, energy considerations enable the total kinatic energy- 
after the imp^t to be calculated* But the change in the kinetic 
energy of the individual bodie» cannot b© c»lculat©d at afl without ^ 


ENTROPY 


BS^ 4 - BS<^ = — 


heat ^2 so gains entropy The total gain 

in the entropy of the combined system of . source +sink is 

/ 

which is zero. That is, for the whole s 3 rsteiE on which the Carnot engine 
operates, the algebraic sum of the entropy changes for a whole cycle is zero. 
This is an extremely important deduction for the system as a whole. 

Now, any reversible cycle can be regarded as composed of a large 
number of small Carnot 
cycles. For example, the 
cycle of Fig. 127 can be 
regarded as the summation 
of a large number of cycles 
such as abcda, d'cjed\ 
e'fgM\ and so on, super- 
posed. For each of these 
small Carnot cycles, the 
sum of the entropy changes 
of the system over a com- 
plete cycle is zero ; thus for 
the whole large cycle, the 
sum of the entropy changes 
of the system must also be 
zero. 

That is, for any reversible 
cycle, the sum of the entropy changes of the system occurring during 
one complete cycle is zero. 

"Thus SBS=^0 


Fiq. 127.- 


■ V 

’Any reversible cycle as summa- 
tion of Carnot cycles. 




, for a complete cycle. 
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using Newton’s Third Law of Motion, most simply by introducing 
momentum, which has the property that the sum of the momentum 
changes of the two bodies is zero. It is not here suggested that 
momentum is the mechanical analogue of entropy. All that the 
two cases have in common is the introduction of some quantity 
related to, but quite distinct from, energy, to aid the solution 
of problems on the transfer of energy. 

Entropy and adiabatic lines. No heat enters or leaves a system 
undergoing adiabatic change ; that is, BQ = 0 for a small adiabatic 

change; therefore -^= 0 , and 85 == 0 . So there is no change in 

entropy during adiabatic change, and the adiabatic lines on the 
f-V diagram (or on any other indicator diagram) are lines of con- 
stant entropy, or isentropics. 

Fig. 128 shows the isothermal 
lines for temperatures Tj, Tg, 
and the adiabatics for entropies 
Sj, /Sg, (measured above any 
arbitrary value of 8 as zero). 
Moving along the isothermal for 
from A to B to (7, the entropy 
changes from ^82 ^2 ^3 

constant temperature r 2 ‘ Mov- 
ing up the adiabatic for 8^ from 
A to F to ( 7 , the temperature 
changes from Tj to T 2 to ^3 
constant entropy 
Through any selected point on 
the usual p - F diagram there can be drawn one isothermal line and 
one adiabatic line ; the point, and the state of the system which the 
point represents, can be identified just as precisely by stating the 
value of 8 and of T for the adiabatic and isothermal which intersect 
there as by stating the values of p and F for the co-ordinates of the 
point. Thus the values of 8 and of T are two co-ordinates which 
specify the state completely, and changes in the state of the system 
can be shown just as web on a graph of T against 8 (a temperature- 
entropy diagram) as on the usual indicator figure. 

On the T-S diagram (Fig. 129), isothermals are lines parallel to 
the / 8 -axis, and adiabatic Ifries parallel to the T-axis. The Carnot 



Entropy-temperature diagrams. 
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cycle ABCD is represented by 
a rectangular figure. Areas 
beneatli the curve on the 
T-S diagram represent changes 
in the total energy of the 
system, since dQ^TdS and T 

dS thus gives 

The symbol is firequently 
used for entropy ; and the 
temperature-entropy diagram 
of the meteorologist is known 
as a ^^-gram ” or tephigram. 129 . 

Entropy in irreversible cycles , s 

For a reversible cycle operating 
between the temperatures Tj and Tq, the efficiency is given " by 
n y - 

and this is the maximum efficiency attainable 
by any cycle operating betw^een these two temperatures. For an 
irreversible cycle the value of the efficiency — is less than 
--d— — ? ^ where Y'l® K. and Tg® K. are the absolute temperatures 

,, i'„j ■ ■ ■ . . 

between which it operates. Considering the v^hole system of source 
at T'j®, sink at iTg""? working substance between these tempera- 
tures, at the end of one cycle the working substance is in its initial 

state, the source has lost entropy dBj! , and the sink has gained 

entropy , so the change in entropy dS^ - dSi is - 7^ for 

"* J 2 -^ 2^1 

the whole system. 


Isothermai 


isothermal 


That is, the change in entropy is i^^itiva, or the entropy of the 
whole system has been increased. This m true of any irreversible 
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cycle, and also of any single irreversible process ; the entropy of the 
whole system increases. 

Entropy in reversible processes. When a quantity of heat BQ 
flows from a body at temperature to a body at temperature 
it can be imagined that this takes place in a series of infinitesimally 
small reversible stages, so that we can speak of the action as being 
reversible, or we can imagine the transfer to take place with the aid 
of a reversible heat engine. The loss of entropy of the hot body at 

BO BO 

Tj^is , and the gain in entropy of the cold body at Tg is , and 

the gain n entropy of the whole system is 





This is positive, since according to the Second Law of Thermo- 
dynamics > Tg if the heat flows naturally without the expendi- 
ture of work to cause the transfer. 

As was stated in the last section, this is true also of irreversible 
processes — ^in fact, the intermediate steps or the mechanism of the 
action have no effect on the value of the change in entropy, which is 
concerned only with the quantity of heat BQ and the two tempera- 
tures and Tg- important conclusion reached is that, 

whenever heat flows from a body at a high temperature to a body at 
a low temperature, which is the direction of flow always indicated by 
the Second Law of Thermodynamics, the entropy of the system as a 
whole always increases Thus, the Second Law of Thermodynamics 
leads to the conclusion that any flow of heat between the parts of a self- 
contained system always causes the entropy of the system as a whole to 
increase. 

Entropy and molecular chaos. If a mass of gas is at rest in thermal 
equilibrium with its surroundings, the final steady state of affairs 
can be calculated by statistics. At fi^st sight, since no difference in 
density or temperature can he distinguished for samples, however 
small, taken from different parts of the gas and subjected to ordinary 
experiments, it would be reasonable to suppose that the molecules 
are distributed with perfect uniformity throughout the space of 
the container, and that all have exactly the same velocity and 
kinetic energy. But on looking a little more closely, and considering 
the molecules as individuals, this cannot be true ; for as the mole- 
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cules are in perpetual random motion and colliding mth one another, 
at any chosen instant a certain fraction of them will he in the act of 
colliding and momentarily at rest, while they cannot at the same 
time both move with high speed and also preserve a strict uniformity 
of arrangement in space. 

The prediction of the steady state of affairs was made by Clerk 
Maxwell. He showed that, for molecules of mass m, of molecular 
density n per c.c., the number dn with velocities Ijing between c 
and c + cfc is given by the formula 

dn = 4^71% e- dc, 

where e is the base of Napierian logarithms and h is a constant (not 
to be confused with Planck's Constant which has the same symbol). 
As the kinetic energy of a molecule is this formula also shoves 
the way in which the total energy is distributed amongst the 
individual molecules. It is kno'^vn as Maxweii’s Distribution Law. 

The distribution can be represented graphically as follo'ws. 
Write for ; then 

4 ■ ■ ■ « 

-j~- dx, and 
sJtT n yjTT 

Again, putting y for ^^ydx. 

The graph of the function x^er ^ when plotted is as Fig. 

dn 

To find the fraction — of the total molecules the velocities of 
% 

which lie between c and c + take the area of the strip beneath the 
graph and the X-axis lying between x and x + d^\ as this area is 

y dx^ this gives the value ^ . 

Boltzmann arrived at the same result by a completely different 
method ; for he showed that the Maxwell distribution of the 
molecular velocities and energies is the pr(^Ue distribution. 
To see wl«at is mmxii by probability m the thermcKiymaueal sense 
it is mMaimt fm our pre^nt purpose to understand why om 
distribution shouH be called more probable thim another. K a 
h«mdjEui of tm. ooins^ al distiiigiiishaMj different, is thrown into the 
air at random, tl» most prohabte dMributkm ctf heads and tails 
whm Mmi, is 5 hmd» and § teib. The reason why tMs is 


n 
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e-a:2^ showing MaxwelFs Distribution. 


called more probable than any other is simply because the number 
of dif erent independent ways in which the individual coins can be 
arranged to give this result is greatest. The number of ways of 
getting 6 heads and 5 tails is the number of ways in which a com- 
bimtion of five distinct events can be chosen from a total of ten 
distinct events. 

This, in the usual algebra notation, is =2o2. For six 


heads and four tails, the number of ways is 


seven heads and three tails the number of ways is 


for eight heads and two tails the number of ways is == 45 ; 

ol 2! 

and for nine heads and one tail the number of ways is — 10. 

Similarly, the most probable distribution of the velocities among 
the molecules of a gas is that which can be realised in the greatest 
number of independent ways, each molecule being regarded as a 
distinct individual, and the possession of a given velocity being 
considered a distinct event for each. The number of ways in which 
a given state can be realised is a measure of the probability of that 
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state. (TMs is not the same as the ordinary mathematical proba- 
bility in whioh the number of ways of realising an arrangement- 
is divided by the total number of ways of obtaining all possible 
arrangements.) The Maxwell distribution is that which gives the 
greatest possible number of ways of arranging the velocities of the 
molecules amongst the individual molecules^ and this is therefore 
the state of distribution which has the greatest probability. 

Now consider two perfectly insulating vessels, each containing 
unit mass of the same gas, one vessel, A, being at a high temperature 
and the other, R, at a lower temperature The vessels 

are put into thermal communication, being separated by an ex- 
tremely thin sheet of an extremely good solid conductor. At the 
beginning, from the point of view of large-scale operations, it can 
be said that there is a temperature difference between the two 
halves of the now united system, and that the system has a definite 
entropy. From the point of view of molecular probability, the 
initial state of affairs, with the molecules in one half of the gas 
possessing very much greater velocities and energies on the average 
than those in the other half, is one which could only be realised in 
a relatively small number of different arrangements among all the 
available molecules ; thus it has an extremely small probability. 

At the end, the large-scale observation will be that the whole 
mass of gas is at a uniform temperature T, midway between Tj 
and Tg ; there has been a flow of heat from vessel A to vessel R, 
and this has taken place in such a direction that the entropy of the 
system as a whole has increased. From the point of view of mole- 
cular probability, the velocities of the molecules wdll have attained 
the l^xwellian distribution for the temperature T. This is the 
most probable of all the ways in which the total energy availabie 
can he distributed among the total number of molecules. The 
system has moved from a state of very small probability to the 
state of greatest probability. 

Two quantities have increased during the operation. These 
are (1) the entropy 8 of the system, and (2) the probability of the 
state of the molecules, denoted by the symbol oj. 

Can there be any connection between these two quantities? 
Boltzmann su^ested that there is such a connection, danoiwi by 
the relation 8 

To find the form of the function/, consider two quite independent 
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systems, of entropies Si and 82^ in states of probabilities wi and 
The total entropy of the two taken together is the total 

probability of the distributions, of probabilities coi and 
occurring together is cuicag* 


Thus 


and 


so 

/(coj) +/(ci> 2 ) 


This gives a clue to the form of the function, for the equation is 
obeyed by the logarithms of the oj's ; thus 

log coi + log a>2 = log ((OiO)^), or In coj + In a>2 = In (coico^) , 
Boltzmann showed that the relation between S and co must be given 
by the equation S^klnco-h constant^ where k is a universal constant 
called Boltzmann’s Constant {k^^RjN) and the second constant 
depends on the arbitrary zero from which the value of S is reckoned. 

It thus seems that a quite definite physical meaning can be 
applied to the intangible quantity entropy. It represents the 
probability, or degree of chaos, or degree of lack of organised 
arrangement of molecular energies. 

This point of view also gives a new meaning to the status of a 
law ” in physics. The Second Law of Thermodynamics is founded 
on observation, and no contravention of it on the large scale has 
ever been observed. But if it were possible to follow the behaviour 
of every individual molecule in a system closely, there would 
certainly be continual small variations from the most probable 
distribution of velocities ; the larger the deviation from the state 
of highest probability the smaller is the probability of its occurrence. 
There is a small (exceedingly small) probability that in a mass of gas 
at temperature T, all the faster moving molecules may at any 
instant be segregated in one portion of the apparatus, so that one 
part of the system spontaneously rises to a temperature above T. 
But the probability of this occurring is so vanishingly small that it 
is safe to state that it will not be observed. Maxwell imagined that 
this segregation might be performed by a small and very agile being 
(*' Maxwell’s Demon ”) able to distinguish the faster molecules and 
manipulate a frictionless shutter which allowed them through 
into one part of the apparatus. This is another way of stating 
that the Second Law of Thermodynamics operates in large-scale 
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actions because the odds against its operation are immeasurably 
smalij but that it has no meaning as- applied io the fate of a single 
molecule and may fad for small-scale ', actions because the odds 
against its operation are no longer immeasurably small. 

PROBLEMS USING THE EFFICIENCY EQUATION 

For a Carnot cycle working between the absolute temperatures 
K. and K,, taking in heat ^^ at Ti and rejecting heat §3 at 

we have for the efficiency, = ^3 E l . 

1 1 

Here Qi and Qg measured in any units we please — ^joules 

or ergs or calories or any other units, providing that both are 
measured in the same units. 

The Second Law of Thermodynamics is involved in the above 
statement ; for we have seen that it leads to the conclusion that ail 
reversible engines working between the same two temperatures have 
the same efficiency. It thus entitles us to say that this equation is 
true for every kind of reversible heat engine we can imagine. 

If the cycle operates over the small range of temperature betu'een 
T® and T - 3T®, taking in heat Q at the high temperature and reject- 
ing heat Q-hQ at the lower temperature, the equation can be 

m dT 

re-wntten • 

The First Law of Thermodynamics can now be used. If the 
external work done during this elementary cycle be SBT, this must 
be exactly equivalent to the net heat absorbed, hQ, If S IF is 
measured in the same units as 8 ^ (that is, 1 :x)th in heat units or both 
in work units) we can write BIF = SQ, whence 

Q ^ 

This equation will be referred to as the efficiency equaMon. A 
great number of simple thermodynamical problems are treated by 
taking the working substance through a small reversible cycle, 
calculating the heat absorbed at the high temperature and the 
external work done^ and uring the efficiency equation in the above 
form. Some of the standard example® follow below. 

The Ifet Laient Heat Equation. The curves of Kg, 131 represent 
two isothermals of a sut^taH'Oe ’below its cadtical temperature. The 
line XABT is the curve fm 'the tonperature 7®, and the line 
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x'l jx X'DGY' the curve for the 

1 temperature T -ST®, At A 

I and D, the substance is en- 

\ T° tirely Hquid, while at B and 

(T-§T)t (7 it is entirely vapour. 

I ^ Let the saturated vapour 

p I ] ^ & pressure of the liquid at 

^Y- and T - be p and p - Bp 

I respectively, 

i I Let tq and ^2 be the 

I I volumes of unit mass of 

J j liquid and unit mass of 

» » vapour respectively ; let A 

ih t be the latent heat of evapo- 

— ration of the liquid at T®. 

Starting at A, take the 

unit mass of liquid round the reversible cycle ABC DA, 

The heat absorbed at is the latent heat, so 

Q—L calories. 

The external work done is given by the area of the strip ABQD^ 
and this is Bpiv^-v^) ergs, 

so 8 If = Sp(vo ergs l) calories. 


Sp(v2 -Vj) _ BT Sp LJ ■■ , LJ 

JL '"Y’ M^^Tiv^-Vj)' 

This equation is known as the First Latent Heat Equation, or the 
Ciausius-Clapeyron Equation. 

The equation shows how the variation of vapour pressure with 
temperature, the latent heat of evaporation, the boiling point, and 
the difference between the volumes of unit mass of liquid and 
unit mass of vapour are related. We can compute any one of these 
quantities if the three others are known. As {v^ ~ '^i) is alw^ays 
positive, BpjBT is alw’’ays positive. 

An exactly similar argument holds for the change of state from 
solid to liquid, and the same equation results. 


: 

Oi 

I 


1 ■ 

■■ i ■ 

J ■ 

• 

■ :t . ■ 

iV 

1 

. -1 . 

I , 

t 

1 

1 
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Thus, if T® K. be the absolute temperature of the meltmg point 
of a solid, ST the change in the melting point caused by a change in 
pressure Sp, the volume of unit mass of solid and V2 the volume 
of unit mass of liquid, and L the latent heat of fusion of the solid at 
.T®H.,':then, : __ LJ ' 

ST-Tip^-vy 

One important general conclusion emerges from this equation. If 
that is, the substance, like wax, expands on melting, then 
SpjST must be positive, so that increasing the pressure raises the 
melting point. While if and the substance, like ice, contracts 

on melting, SpjST is negative, and increasing the pressure lowers the 
melting point. 

The Second Latent Heat Equation. Let be the specific heat of 


If ^ is the rate of variation 
dT 


the liquid, and ^2 that of the vapour. 

of latent heat with temperature, and the value of the latent heat at 

T° K. is L, its value at T -ST is L-^.8T. 

Still considering Fig. 131, along AE the heat absorbed is L 
calories, while from B to C the heat given out (supposedly at T®) 
k s^^T ; thus ST. 

^ dJj 

Passing from C to D, the heat given out is ST calories, 

while the heat taken in as the temperature of the liquid rises in 
passing from D to A is s^^ST, so the total heat given out is 

q,-(l-^.st)-s,st. 

The total quantity of heat absorbed in the whole cycle (that is, 
the net absorption represented by 8$ or SIF in earlier equations) 


'dL 


ST calories* 


But, by the First Law of Thermodynamics, this is equal to the 
external work done, which has been shown (p. MS) to be Spiv^ 
ergs or calories; and the First Latent Heat equation 

gives, on rearranging, LST 
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- -I T dT'^ "dTKT/^ 

This is the Second Latent Heat Equation, known as the Equation 

Clausius. 

Surface tension and surface energy. The surface tension cr of a 
liquid is defined as the force liiliynes acting at right angles to a line 
one centimetre long drawm in the surface of the liquid. For all 
liquids a decreases as T increases. 

Imagine a heat engine formed by a film stretched on a frame. 
The film, it must be remembered, has twn suriaees. Let one side 
of the frame be in the form of a wire which can be puUed out by an 
external force or pulled in by the film. Let I be the length of this 
wire. The force exerted by the film is 2al dynes {al dynes for each 
surface) and this force must be applied to extend the film. 

At temperature T® X., increase the area of the film by pulling 
out the wire a distance Sar. The work done by the applied external 
force on the film is 2al hx ; the increase in area of both faces together 
is BA -21 8x, so we can write for the work done on the film during 
expansion, work done = <7 BA. 

Now reduce the temperature to T ~ ST. At T-BT, the surface 

. , . d<r , da \ 

tension 01 the film is cr . ST , where is the rate of vana- 
dT dT 

tion of surface tension with temperature. Let the film at this 
temperature contract to the original area again. 

Then, work done by film in contracting ^ BT^ BA, 

The net external work done by the film is thus 



sPF=-^.sr.8A 



dT 








llllillliiii" 




SUBFACE ENERGY 


m 


The initial stretclimg was supposed to take place at constant 
temperature T ; let the quantity of heat which must be supplied 
from withoiit for each sqmre centimetre in order to maintein the 
temperature constant be q ; thus the total heat taken mm Q^q hA^ 
the heat here being measured in work units. 

Now, 


,,BT.dA 


q^-T\ 


Thus the heat snppBed per unit are^ is always positive, since 

is always negative. Since q is positive and heat must always be 
supplied to keep the stretching film at a constant temperature, 
cooling must always occur unless this heat is supplied. 

The total -work done in producing one square centimetre of new 
surface is cr units of work. The heat energy taken in from the 
surroundings to keep the temperature constant is q units of 'work 
per square centimetre. 

The total energy stored in one square centimetre of surface is 
thus E^a-^q. 

But 

The quantity E m caEed tite surface energy. 

HEAT ENGINES IN PRACTICE 

Of all the reversible cycles that can be devised, operating between 
two given temperature limits and the Carnot cycle is the 
iBC^t effidfent.. . This .©..because, all the heat absorbed is, taken .in, ,at 
the higher temperature I'l®, Mid all the heat rejected is given out at 
the tower temperature 5P/. It mi^t be expected therefore tlmt 
real heat engines would aim at operating on a Carnot cycle, or 
some&iiig' dbs^j approaching it. 

Bba w orking substance la a iml engine is ^ther wate* wMch is 
heated in a boiler (the steam engine), or air which is hseated by the 
(X)mbustwn of gwecuM fuel with whtob it ® mixedL (tte totenaal 
combustion engine), ai»i in mtibBr ease is it possible to supply tiie 
heat wMdb' ii atworW at wjMMit temper^are. The - 


^ ^ , 


'1.. S : ::? 
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tijre of the water is raised in the boiler, and the temperature of the 
air is raised by the combustion of the fuel gas, heat being supplied 
continuously during the rise in temperature in each case. Thus, 
though we can imagine a reversible steam engine, or even (in 
principle) a reversible internal combustion engine, the reversible 
cycle on which it works will be less efficient than that of a Carnot 
cycle operating between the two extreme temperatures, since the 
average temperature at which the heat is absorbed is much below 
the maximum temperature. The reversible cycle for any kind of 
engine represents, as we have seen, the maximum efficiency for that 
type of engine, and actual engines are therefore compared with their 
reversible counterparts instead of with the Carnot cj^cle. 

Eankine cycle. The ideal steam engine cycle is the Rankine 
cycle. The w'orking substance is “ water-substance ” and not 
exclusively steam, and for a reversible cycle the following chain of 
operations must be considered. Suppose for the moment that they 
all take place in a single ideal cylinder like that of p. 277 with 
suitable source at and sink at Then the cycle is : 

1. Supply of heat to the 

^ y g represented by the point 

^ T ^ \ A (Fig. 132) ; the temperature 

^ \ of the water is rising (this 

0: \ 2 cannot be showm on the figure) 

^ \ \ but its volume is practically 

P 0 \ \ unchanged and its pressure is 

0 \ constant, hence it is repre* 

0 \ sented by a point. 

^ \ 1 (a). Evaporation of the 

\ water to steam at constant tern- 
Q ^ ^ perature, Tj°, and its expan- 

sion into the cylinder at con- 
stant pressure p^, represented 

132.-R^kine cycle. . horizontal line .45 

2. Adiabatic expansion of the 
steam in the cylinder to Tf", the temperature of the sink ; this is 
represented by BC. 

3. Condensation of the steam to water at constant temperature 
and constant pressure p^^ ; represented by CD. 

4. Omitting the second adiabatic step in the Carnot cycle, replacing 
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ike cylinder on the source^ represented bj tbe step DA ; this Is a 
vertical Jump, because we are dealing mth saturated vapours, and 
the pressure rises the s.v.P. at to the s.t.f. at at 

constant volume. 

This differs from the Carnot cycle, in the .step DA ; for at the 
point J. the water is being raised from to T 3 ,®, and not taking in 
heat at a ■constant temperature. 

In this imaginary engine, it is supposed that the cylinder itself 
undergoes no heat change. In practice, such a simple device 
would be unv'orkable, for the cylinder itself would be of con- 
siderable thermal capacit}^ and vnuid have to be heated to 
and cooled to Tg® again during each cycle. Hence the water is 
heated and the steam is generated in a separate boiler at the 
temperature and is admitted to the cylinder through a valve 
w hich is open during the stroke AB ; the cylinder is closed and 
isolated during the adiabatic expansion BO ; and at 0 another 
valve opens, and the steam already at is swept out of the 
cylinder and condensed to water in a separate condenser at ^ 2 °* 
1 'he cycle of operations is completed by a feed pump which 
returns the w^ater from the condenser to the boiler ; the whole 
scheme is represented in Fig. 1 33, which shows an engine designed 
to take the substance round a cycle. In many actual engines 
(e.g, locomotives) the condenser is the outside atmosphere, and 
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the working substance is discarded there instead of being con- 
served. 

Early steam engines, while using a separate boiler, condensed 
the steam inside the cylinder ; James Watt’s great contribution 
to the development of the steam engine was the introduction of the 
separate condenser. Even with the separate boiler and condenser, 
the supply of heat to, and removal of heat from, the cylinder itself 
is a source of inefficiency. 

The area of the figure ABCDA of Pig. 132 represents the work 
done by the engine in each cycle. In practice, as the steam cools 
a little as it enters the cylinder and as the valves do not operate 
instantaneously, the angles at A, C, and D are not sharp, and 
the curve obtained is of smaller area than that of the ideal curve. 
The distance oi AD from the axis of 'p represents the volume of the 
liquid water, and the shaded area the work done by the feed pump 
in restoring this to the boiler. 

Simple form of steam engine. Fig. 134 shows the essentials of a 
simple form of steam engine. The piston B is moved to and fro 
in the cylinder A by the steam pressure. The piston rod C and 
crosshead D move in a straight line, while the connecting rod E 
and crank F cause the crank shaft G to make one complete re volution 
wffiile B makes one complete oscillation. A heavy flywheel is 
attached to to steady the motion. 



Steam from the boiler enters the steam chest X" at X. A sliding 
valve Q enables steam to enter the cylinder by the port M when the 
piston is moving to the right, and by N when it is moving to the left. 
The expanded steam is discharged to the outlet P through N wffien 
the piston moves to the right and through M w^hen it moves to the 
left. The valve Q is operated by the valve rod B which is worked 
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b}’' a small cmnk on the crank shaft. The expanded steam, on 
passing out through P goes to the condenser:,. where it is condensed 
to water ; from this, the feed pump-restores it to the boilen 
This engine really works as if there were tw^o cylinders, one on 
each side of the piston. The expansion stroke for the left-hand side 
is the exhaust stroke for the right-hand side, and matters are 
reversed w'hen the piston moves to the left. 

The tracing of the indicator diagram. The cycle diagram of a 
steam engine is traced in the following way. A small cylinder 
containing a piston which moves against a spring of suitable strength 
is attached in communication with the main cylinder, or with the 
engine just described, arranged so that it may be connected to either 
side of the cylinder at will. This piston is acted upon by the steam 
pressure in the main cylinder, and gives a vertical displacement 
which is proportional to this pressure, to a tracing point which 
moves over a paper chart mounted on a drum. This drum follow's the 
motion of the piston in the main cylinder, for it is rotated backwards 
and forwards by a cord connected to the crosshead or some other 
suitable place; thus the paper receives a horizontal displacement, 
relative to the tracing point, which depends on the position of the 
main piston and is proportional to v. The diagram thus obtained 
is called an indicator diagram The scale is superposed on the 
diagram, and when this has been done, the indicated w'^ork per cycle 
is calculated from the enclosed area as on p. 278. 

internal combustion engines. Internal combustion engines can 
be broadly classified into two types : those in which the fuel is 
gaseous when it enters the cylinder, and those in which it is injected 
as a liquid. Engines using town gas, special gas, or the vapour of 
petrol or other volatile liquid, belong to the first class ; these may 
be further subdivided into engines in which the fuel is ignited by the 
passage of an electric spark, and those in which the heated cylinder 
w alls together with adiabatic compression produce a high enough 
temperature for ignition ; here only the simple spark-ignition engine 
ifl considered. Diesel engiiiee and heavy oil engines ’’ Wong to the 
second class. It is not proposed to treat either class in great detail. 
The point here Is to show how the action of each class ramble® and 
differs from the ideal Carnot cycle. 

^ The ordinary petrol engine draws ii» heat supply from the com- 
bustioa of |»trol vapour in the charge of air ; vapour and air are 
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Eemembering that it is the air that is the working substance, and 
that the petrol vapour is simply there as a source of heat which is 
furnished at an appropriate stage in the cycle, it can be seen that 
there is no reason in theory why the air itself should be changed ; 
and we can imagine a fixed mass of air to be taken continuously 
round the cycle ABCDA^ with heat supplied at constant volume 
along DA^ and the air being cooled at constant volume along BC 
(instead of hot air being swept out and replaced by an equivalent 
amount of cold air at the charging stroke). The cycle ABC DA 
can then be compared with the corresponding Caraot cycle working 
between, say 70° C. and 1800° C. 

First, the Otto cycle must be less ef&cient than the Carnot cycle, 
because heat is being supplied to the working substance throughout 
the range from 400° C. to 1800° C., instead of entirely at the maxi- 
mum temperature. Secondly, it has a very great practical advan- 
tage ; for if the air were to be raised to 1800° C. by adiabatic 
compression before any heat were supplied to it, a much greater 
pressure than that for the point A would be required, so that the 
whole engine would have to be made stronger, stouter, and heavier ; 
also, this would be impossible with fuel of the petrol t3rpe, which 
would ignite as if sparked long before so high a temperature was 
reached. It can be seen, how^ever, that the higher the pressure 
safely attainable at D, the more closely does the engine approach 
to the ideal Carnot cycle, and the greater its efficiency should be. 
Modern motor-car engines are designed to give greater compression 
than was at one time thought practicable, and mpdem anti-knock 
fuels, which do not ignite until a high temperature is reached, 
enable this compression to be utilised ; hence the improvement in 
efficiency w’-hich has enabled the small motor-car to be produced. 

Fig. 136 indicates the operations in a four-stroke Diesel engine. 
This is known as the Diesel cycle. In this, the working substance 
(air) is raised to a very high temperature by adiabatic compression. 
The fuel is a heavy oil, much less volatile than petrol This is 
injected in liquid form into the cylinder during the first part of the 
outward motion of the piston. The rate of injection is carefully 
controlled so that the pressure on the piston during the supply of 
fuel is maintained constant. Thus the air is heated at constant 
pressure, instead of at constant volume as in the petrol engine. 

The cycle starts with the cylinder full of cold air at atmc^pheric 
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^ Comtjustiofi ^ pi«®tire. As tke piston moves 

1''"'’"’"’'” " "" inwards, this is compressed ad- 

\ Vexpanston iabatically from G to the point 

: \ \ D, and at this point the fiiei 

\ \ B is injected. Prom D to A the 

P CompressionV burning fuel is supplying heat 

\ to the air at constant pressnre, 

\ Y Exhaust and from A to B the remaindei 

of the working stroke takes 
place adiabatically. : ^ ':At:' ' B ■ a:, 
valve opens and the pressure 
drops at once to that of the at - 
mosphere at G, The exhaust 
stroke CM empties the cylin- 
der, and on the return stroke 
.ECU is filled with fresh air and 
a fresh cycle starts from G, 
The Diesel cycle, while less efficient than the Carnot cycle, is more 
efficient than an Otto cycle working between the same temperatures. 
Practical advantages of the Diesel engine include its economy of 
fuel, and the fact that it runs on crude oil. On the other hand, 
Diesel engines are heavier than petrol engines of comparable horse- 
power, and a separate fuel pump to inject the oil into the cylinder 
at high pressure is required. 

Eefrigerators. A refrigerator is a heat engine working backwards, 
or expending work in order to transfer heat from a cold body to one 
at higher temperature. If a quantity of heat Q 2 be abstracted by 
a reversible machine from a cold body at temperature and a 
quantity be transferred to a hot body at temperature Tj, the 
difference -Q 2 represents the mechanical work absorbed in 
driving the refrigerator. The coefficient of ^performance of the 
refrigerator is the ratio of the heat abstracted to the work supplied 
from without to operate the machine, and is thus equal to 


Charging 


Exhaust 


Fig. 136. — Diesel cycle, 

(The charging and exhanst strokes separ^ 
ated for clearness.) 


The coefficient of performance is thus greatest when is as 

small as possible. 
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QUESTIONS ON CHATTEBS VI AND VII 

1. Explain tlie following terms : “ adiabatic expansion of a gas 

“ reversible heat engine ”, “ Carnot cycle”, thermodynamic scale of 
temperatnre . ■ .(O.S.) 

2. A compressor driven by an electric motor is used to fill a cylindrical 
tank with air compressed to 10 atmospheres pressure. Calculate the 
energy expended in kilowatt-hours if the tank is 9 metres high and 
4 metres in diameter, 

(One atmosphere = 10® dynes/cm.^ ; I joule = 10^ ergs. Assume the 
motor and compressor are perfectly efficient.) (C.S.) 

3. What conditions must be laid down in order that a satisfactory 

scale of temperature may be established? Illustrate your answer with 
reference to (a) the mercury-in-giass scale, (b) the platinum resistance 
scale, (c) the Kelvin scale. (C.S.) 

4. Discuss the effect of changes of pressure on the melting point of 
a solid and on the boiling point of a liquid. Deduce an expression for 
the change in the boiling point due to a small change iri pressure. 

The specific volume of steam at 100® C. and 76 cm. of mercury 
pressure is 1,601 c.c. per gram, and the latent heat of vaporisation of 
water 536 calories per gram. Find the change in the boiling point of 
water due to a change in pressure of 1 cm. of mercury. (C.S.) 

0 . Distinguish exactly between the meanings of the three foiio%ving 
statements ; 

(а) Heat is put into a substance. 

(б) The temperature of a substance is raised. 

(c) Work is done on a substance. 

Indicate the relations between these statements by considering 
(a) a gas in a cylinder, (b) melting ice. ((IS.) 

6. Deduce an expression connecting the pressure and volume of a 
gas in an adiabatic change. 

A litre of hydrogen at 27® C. and 10® dynes per sq. cm. preasure 
expands xsothermally imtil its volume is doubled and then adiabatically 
until it is redoubled. Find (a) the final temperature and pressure of 
the gas, (5) the work done during each expansion. 

(y=::14; (4)®*^ = 0*76; log, 2 = 0-693,) (C.S.) 

7. What is meant by a reversible cycle ”? Sbiow that no enpne 
working between two limits of temperature can be more efficient than 
a reversible one. “Discuss the modem tendency to use internal com- 
bustion engines in place of steam engine from this standpoint. (C.S.) 

8. How much of the' specific heat of hydrogen at constant pressure 
is due to the external work done in expatmonf 

(1 g, of hydrogen at standard temperatore and premvm occupies 
11-2 litres, Bpecific gravity of iner©uty» *J«4«2 x 10^ ergp/caL) 

■ ' " ■ ' ■ ’■ qumti&n,) 
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9. Calculate the work done on 1 litre of helium under a pressure of 
1 atmosphere, when it is compressed adiabatically to a pressure of 
iO atmospheres. Assume that it behaves as a perfect gas. 

(1 atmosphere = 10^ dyne omr^ ; = 5 and (7,^, = 3 calories per 

gram-atom.) (C.S., question.) 

10. TOiat is meant by a reversible change? Give two examples. 

Describe a Carnot’s cycle, and show that the efficiency of a heat 

engine working between two given temperatures is a maximum when 
the engine is reversible. (C.vS.) 

11. Explain from the energy point of view the modes of action of 

two of the following : (u) a steam engine, (5) a petrol motor, (c) a re- 
frigerating machine. (L.) 

12 Explain the factors which govern the efficiency of a heat engine, 
illustrating your answer by reference to a Carnot engine and a steam 
engine. 

To what extent may an internal combustion engine be regarded as a 
heat engine? Why does the efficiency of a petrol engine increase with 
increasing compression ratio ? (O .S . } 

13. Supposing that there were many liquids as common as water, 
what would be the properties of a liquid selected as the working fluid 
in the boilers of a power plant? 

To what extent does water possess these properties ? (O.S.) 

14. Explain as well as you can why a condenser makes a steam engine 

more efficient. (O.+S.) 

15. State the Second Law of Thermodynamics. 

A power station driven by an ideal heat engine has to supply on the 
average each consumer with 3 h.f., and 10 kw. to be used for heating. 
Discuss whether there will be an increase in thermal efficiency if the 
power station raises the temperature of its condenser from 17° C. to 
78° C. and supplies heat directly to the consumer as exhaust steam. 

(Boiler temp., 117^ C. ; 1 h.p. = 746 watts.) (O.S.) 


CHAPTER VIII 


LIQUEFACTION OF GASES AND PEODUCTION AND 
MEASUREMENT OF LOW TEMPERATURES 

Introduction. In general, there are two ways in which a gaseous 
substance may be liquefied. The first is to cool the substance to 
below its critical temperature, and apply a sufficiently great 
pressure ; the liquefaction of chlorine by Faraday (1823) and carbon 
dioxide by Thilorier (1835) were early examples of this method. 
The second method is to cool the gas to a temperature below its 
normal boiling point, when it will become liquid at atmospheric 
pressure. 

There are three chief ways in which a gas can be cooled. These 
are (a) directly, by passing it through a tube immersed in a cold 
liquid or surrounded by a stream of cold gas, or by some similar 
means, (b) allowing it to expand adiabatically, either in a single 
expansion or in an engine arranged to deliver mechanical work, 
and (c) causing it to expand freely through a valve from a high 
pressure to a low pressure (the Joule-Kelvin effect), which causes a 
cooling if the initial temperature is below the Joule-Kelvin inversion 
temperature. 

The following table gives a list of the important temperatures for 
the chief permanent gases. 


Gas. 

Normal 
boiling point. 

Freezing 

point. 

Critical temp. 

Joule-Kelvin, 
inversion 
temp., approx. 

Oxygen 

- 183^ a 

- 227^ a 

- IIS'* c. 

f above ordinsry 

Nitrogen - 

1 -i96°a 

-2n‘’C. 

-I46°C. 

1 temperatures* 

Hydrogen 

-253'=^ C. 

- 269'’ C. 

-241°C. 

- 80^ C. 

Helium 

-26$'7'"a 

— 

-268‘’C- 

243^* C. 

Argon 

-186®C. 

-iss'c. 

-in'C. 
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The foliowing are the commoner refrigerants : 


Substance. 

Xonnal B.F. 

C’riticai Temp. 

Ammonia - - - 

- 33-5° C. 

133^ C. 

Sulphur dioxide 

- 8“ C. 

155*4'= C. 

Carbon dioxide 

-78-2° C. 

30*9“ C. 

Ethylene - 

- 103” C. 

10° c. 

Method chloride 

-24-1 

— ■ 

Methane ... 

- 164“ C. 

■ i 

~ 82“ C. 


Early work on liquefaction of oxygen. In 1877, oxygen was 
liquefied by Cailletet and by Pictet, working independently along 
somew’hat different lines. 

Caiiletet’s method w’^as to cool oxygen, compressed to 400 atmo- 
spheres pressure, by means of liquid sulphur dioxide ; the pressure was 
suddenly released, and the resulting cooling by adiabatic expansion 
caused a mist of liquid oxygen to appear in the experimental tube. 

Pictet introduced the method of cascade cooling, using volatile 
refrigerants. The evaporation of liquid sulphur dioxide was used 
to cool carbon dioxide to such an extent that it readily liquefied 
under pressure ; the evaporation of this liquid carbon dioxide was 
then used to cool oxygen down to - 140® C. (which is well below 
the critical temperature of oxygen, - 118® C.), at which temperature 
it could be liquefied under a pressure of 320 atmospheres. Pictet 
generated oxygen in a steel retort a (Fig. 137), connected with a steel 
tube c which was surrounded by 'a copper vessel d. Carbon dioxide 
was condensed by means of the pump / into ff, and allowed to flow 
through the tube e into d, where it w^as evaporated by means of the 
same set of pumps. The system dfge formed a closed circuit. The 
liquid carbon dioxide solidified in d, and the temperature reached 
by its volatilisation was - 140® C. The carbon dioxide w’^as cooled 
and condensed by means of sulphur dioxide, which was circulated 
through a similar closed system connected with the condenser k 
After working for many hours, the cock b was opened, and the 
pressure, which had risen to 320 atmospheres, was allowed to fall 
suddenly, producing an even greater degree of cold. On tilting the 
apparatus, it was seen that liquid oxygen was actually present. 
In Pictet’s experiment, much of the liquid was produced as the result 

6f the final expansion. The continuous production of liquid oxygen 

% 
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Wm, 137. — Pictet’s cascade raetliod.. 


needs a temperature slightly lower than that obtainable with liquid 
carbon dioxide. 

Later experimenters, notably Dewar in England, and Olzewski 
and Wroblewsld in Poland, used ethylene in place of carbon dioxide ; 
this gave a temperature of ~ 169® C., and enabled liquid oxygen to 
be produced continuously. Kamerlingh Onnes, at Leyden, set up 
a cascade system using methyl chloride in place of sulphur dioxide, 
and ethylene in place of carbon dioxide, and w’as able to produce 
liquid air in quantity. 

The cascade process is not at the present time us^ for the large- 
scale industrial production of liquid air. The chief objection is that 
it is cumbersome. It is, how^ever, efficient in its return of liquid an: 
per unit of energy employed. Keesom, irho succeeded Kamerlingh 
Onnes at Leyden, has developed a triple cascade, using ammonia, 
ethylene, and methane as the successive refrigerante, wMch is 
considerably more efficient than the existing commeremi process^ 
outlined below. It is possible that this process may foe developed 
further in the future. 

MODERN PROCESSES FOR AIR 

Modem procesisas fall into two classes : (a) MBmpmn and Linde 
prcwsses, which use the Joule-Kelvln effect alone as the main a^nt 
of cooling ; and (b) daude and Heyiandt processes in which the 
perfcraiance oi extaroal work in an exj^asion erygine is nod to 
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produce a very considerable fall in temperature, aided by the 
Joule-Kelvin effect. In both classes it is necessary to start 



with the air freed from water 
and carbon dioxide, which 
would solidify and clog the 
system. Both classes use 
a continuous circulation 
system with regenerative 
cooling ; hy this means, air 
vliich has expanded and 
escaped liquefaction (though 
very considerably cooled) is 
caused to flow round the 
metal tube taking the stream 
of air towards the expansion 
device. Such an arrangement 
is called a heat exchanger. 

Hampson process. The 
circulating air enters a com- 
pressor and, after passing 
through a water bath which 
removes the heat generated 
by compression, passes to the 
exchanger. 

Air at a pressure of 150 
atmospheres is allowed to 
expand through a valve to a 
pressure of one atmosphere ; 
there is a cooling due to the 
Joule-Kelvin effect. The 
expanded air passes back to 
the compressor through a 
heat exchanger, cooling the 
incoming air. After the 
apparatus has been working 
for some time, a temperature 
of about - 188° C. is attained 
at the valve ; at this stage, 
the expanding gas is liquefied. 


Constraction of a Hampson. liqnefier. A 
portion of the coiled heat exchanger can 
be seen. At the right, expansion valve as 
used in this apparatus. 

Reproduced from tM Science Museum. Eandbook, 
Very Low Temperatures by permission of the 
CofdroUer of E. M, Stationery Office. 


u 



HAIIPSON AND^ LINDE PROCESSES 

Fig. 138 shows the scheme of the process. , i 

Details of the apparatus are intentionally 
omitted from this and the succeeding dia- J 
grams, which should be regarded as rather of 
the same nature as electrical carcnit diagrams. ^ 

A small apparatus of the simple Hampson | 
t}'p)e produces about a litre of liquid air per s ^ ^ 

hour ; it is useful where only small quantities i 

of liquid air are required. x 

Linde process. The chief feature of the a 
L inde process is that the closed circulating I 
system is at a high pressure. The air passing 
through the valve expands from 150 atmo- 
spheres to 40 atmospheres ; consequently, / 
on returning to the compressor it has to be / 4c 
compressed from 40 atmospheres to 150 I ^m8%/ 
atmospheres, instead of from 1 to 150 V 
atmospheres. 

Now, the work done in compressing a 138. - Scheme of 

® ■ . ilampson |>roeess> ^ 

given mass oi gas from to is a function 

of the ratio P 2 jPi ; under isothermal conditions, for example, it is 
proportional to in p^jPi I the fall in temperature produced when a 
gas expands from Pi freely through a valve is proportional to 
(po -pi)- The Linde process cuts doum P 2 /P 1 from 150/1 to 150/40 
— ^that is by a factor of 40. Note that this does not mean that 
only 1 /40 the external work is needed ; if w’e assume isothermal 
conditions, w^hen logarithms are taken, the ratio of the Linde 
work ” to the '' Hampson work ’’ for a given mass of gas comes 
to about 0*26. On the other hand, the fall in temperature lor 
a pressure difference of (150 - 40) — 110 atmospheres is 110/150, 
or 0*73, of that for a difference of 150 atmospheres. Although 
these figures involve simple assumptions, perhaps not closely 
applicable to the actual process, it does look as if the Linde 
process, giving about | the cooling for about i the work, is making 
for greater efficiency and economy in working. Still greater 
efficiency is obtained by pre-cooling the incoming gas by liquid 
ammonia ; this is not essential, though, as with the Hampson 
process the heat generated by the compressor must be wmoved 
before the gas passes Into the intarchanger.. 


Va/ve 
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Fig. 139 .gives., a., :.** circuit': du.."' 
gram ’’ oftte Linde process. Ttie 
pump Pi takes in air at one 
atmosphere pressure and com- 
presses it to 40 atmospheres ; hut 
this compression from one atmo- 
sphere is not continnaily operating 
on air in circulation ; the purpose 
of Pi is to replace the air which 
is removed from circulation by 
liquefaction. The eirculating 
pump Pg compresses the air 
the high-pressure cfrcuit from 40 
atmospheres to 150 atmospheres. 
The compressed air, after cooling 
in the ammonia bath Pi, passes 
through the exchanger Pg, and 
expands through the valve Fi, 
becoming liquid at a pressure of 
40 atmospheres and a tempera- 
ture of -- 183® C. That part of 
the air which is unliquefied 
streams up through the exchanger 
Pg back to Pg at 40 atmospheres, 
to be compressed up to 150 at- 
mospheres again ; that which 

Kg. 139 ^ 0 heme of Linde process, Hquefied is replaced by 

fresh air from Pi. The liquid is 
removed from the reservoir by opening the tap ; the 
reservoir Pg contains liquid air at -188°C. and one atmosphere 
pressure. 

Claude and Heylandt processes. In both these processes, part of 
the air supplied is cooled by adiabatic expansion in the cylinder 
of an engine which is actually performing external work. The 
air thus cooled streams up the exchanger, cooling the remainder 
of the air, which then expands through a valve as in the Linde 
process. 

Kg, 140 shows the circuit of the Claude process. Air is com- 
pressed to 40 atmospheres by the pump P, and after cooling in the 


Evaporation 
of ammonia 


Exchanger 


Ammonia 


Exchanger 


S 1 40 atm. 


1 atm. 
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Gom/parison of the Efficiencies of Liquid-Air Plants in Kilowatt-Hours 
Bequired to Produce one Gallon of Liquid, 


Process, 

kwh. per f^allon liquid 
air. 

Hampson - - - 

High-pressure Linde, no pre-cool- 

lO’S 

ing - - o - , - 

High-pressure Liade, pre-cooled 

6-0 

with ammonia 

3*5 

Claude - - - - - 

3*6 

Heylandt - - - - 

3-2 

Heesom’s triple cascade 

2*04 


The Joule-Kelvin effect is what is called in thermodynamics an 
irreversible process. It is shown in dealing with heat engines 
that the greatest possible efficiency is attained in a completely 
reversible process. The performance of external work by adiabatic 
expansion is in theory reversible, since the application of a suitable 
amount of external work compresses the gas again. The cascade 
system also consists of reversible stages. It might thus be expected 
that the last three processes, which involve operations which are 
nearly reversible, would be more efficient than the completely 
irreversible process. 

SEPABATION OF THE CONSTITUENTS OF THE AIK 

The air contains about 78 per cent, by volume of nitrogen, 21 per 
cent, of oxygen, and nearly 1 per cent, of mert gases comprising 
argon (0-93 per cent.), neon (0-00015 per cent.), helium (0-000014 per 
cent.), and very much smaller quantities of krypton and xenon. 
Pure oxygen, nitrogen, argon, and neon are obtained from the ah 
on a commercial scale. Oxygen, which is by far the most valuable 
of these products on accoimt of its many uses in industry, medicine, 
and warfare, is sometimes prepared with a fairly high percentage of 
nitrogen and argon ; for many purposes this is quite satisfactory. On 
the other hand, for some purposes, such as oxyacetylene cutting, small 
quantities of argon are injurious and must be removed. Nitrogen, 
for long considered a waste product, is now used in the synthetic 
ammonia industry. Argon is used in gas-filled electric lamps, to 
hinder evaporation of the fiOlament ; as an inert gas it exerts no 
chenaical efiect, and as a monatomic gas of fairly high molecular 
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weight it is a fairly good thermal . insulator. , Neon is used in 
discharge tubes and lamps. Helinm is not extracted from the air 
on a commercial scale, as better sonrcjes are aTailable. 

The boiling point of argon ( - 186® C.) is intermediate between 
those of oxygen ( - 183® C.) and nitrogen { -196® C.), consequently 
special steps have to be taken for its separation. Helium and neon 
remain gaseous when the other constituents are all liquid, as their 
boiling points are very low. 

In commercial plants for the production of oxygen, the rectifier 
(based essentially on the fractionating column described on page 224) 
is assembled as part of the liquefying plant. In particular, the heat 
exchanger is arranged so that the incoming air provides the latent 
heat needed for the evaporation of the liquid. 

Fig. 141 shows the Linde double column, devised in 1910. It 
consists essentially of two fractionating columns. The pressure in 
the lower part B is about 5 
atmospheres, and that in the 
upper part G a little above one 
atmosphere. The two columns . 
are separated by a condenser, — — 

in which the cooling effect of 
liquid oxygen in the top column ^ *' 

is used to condense nitrogen Low 
under pressure in the lower ^^Vaive 

column. At the base of the G ^ 
lower column there is an accum- 
ulation of liquid containing ; 

about 40 per cent, of oxygen. 

Cooled compressed air from '' 

the heat exchanger is liquefied 
in the coil A immersed in the ^ 

liquid bath at the base of the ^ ^ 

pressure column R, and after pressure C 
expansion at the valve C ^ 
admitted to about the middle of 
the high-pressure column. It 
flows down the column from 
plate to plate, to the bath at — 

the bottom. The vapo-ur from I4l.— Lind© double ooltamm 


i/ahe^ 

Gaseous ^ 
oxygen 


Liquid 

oxygen 


^Uqwd 

hitrogen 
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this bath of liquid boiling at the base of B passes up through B, and 
by the time it reaches the condenser tubes J) at the top consists of 
practically pure nitrogen* The pressure in the lower column is 
great enough to allow this nitrogen to condense in the tubes, which 
are cooled on their outsides by liquid oxygen boiling at slightly 
above atmospheric pressure. AI:K>ut half the liquid nitrogen so 
produced flows backwards down the high-pressure column, to wash 
oxygen from the rising vapour, while the other half is expanded to 
the top of the upper column O through the valve E, The liquid 
condensing at the bottom of the pressure column has 40 per cent, of 
oxygen, and is sent to a suitable point in the upper column. Pure 
liquid oxygen collects at the bottom of <?, and about a fifth of the 
vapour coming from the boiling liquid is conducted away from F 
through a heat exchanger which cools the incoming gas ; this 
vapour constitutes the output of the plant. 

It has been realised of recent years that the handling and transport 
of gaseous oxygen is most uneconomical. In an OTdinary oxygen 
cylinder, the gas itself is only a very small fraction of the weight of 
the container. It is now possible to handle liquid oxygen without 
great evaporation loss. Suitable containers are large spherical 
copper vacuum vessels with very long necks, the space between the 
walls being well polished, highly evacuated, and containing charcoal 
which, at the temperature of liquid air, adsorbs any residual gas 
in the space, making a practically perfect vacuum. Such a vessel 
with a capacity of 25 litres loses only about 5 per cent, of its ful 
charge per day by evaporation. With larger vessels, dnce the 
proportion of surface area to volume decrease as ihe volume 
increases, the need for perfect surface insulation h less ; such 
insulators as slag wool and magnesium carbonate are used instead 
of vacuum insulation for large cylinder holding several IJaousand 
litres. The evaporation loss is only 2-3 per cent, per day. Much 
of the commercial oxygen supply is (or will be) transported as liquid. 

For the manufacture of liquid oxygen the French Societe VAir 
Lig[uMe uses a Linde double-column rectifier in conjunction with a 
Claude liquefier. Fig. 142 shows the circulating system. Com- 
pressed air at 150 atmospheres is oooled to -30° C. in the first 
exdianger F. Four-fifths of the air is ikm expanded m the engine 
E, leaving it at - 165° C. and 4 atmosphere pressure, whence it 
passes directly to the high-piessure ooiunm B of the double-eolumn 
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3?ra. 142. — Liquid oxygen plant. 

rectifier. The remainder of the compressed air is further cooled 
in D and liquefied by the issuing nitrogen, to be then introduced at 
a suitable level A in the high-pressure column. Liquid oxygen, 99-5 
per cent, pure, is withdrawn from the base of the upper column, while 
nitrogen drawn from the top of this column cools the incoming 
stream of air. The yield of such an apparatus is about 300 litres 
per hour, and the energy consumption about 4 kwfr. per gallon of 
liquid. 

Separation of the inert gases. A suitable fractionating column 
can be designed so that the argon is, collected with the oxygen, ite 
boiling point being only a few degrees lower. The argon is then 
separated from the oxygen by fractionation* 

Helium and neon are ooileoted with the nitrogen in a liquid oxygen 
plant. The nitrogen is removed by passing the mixture imder a 
pressure of 50 atmospheres through a bath of liquid nitrogen ; this 
causw the nitrogen in the mixture to Iqiiefy. Thc'^feying point 
of helium is -269"^^. andthatof necm -^233"^ C.; tha|;’^ hydrogen 
IB - 252*5** so that if the mixture of helium and iWn is ..cooled 
by hqdiid ,, hydrogen, the nwn condense, leaving the helium still 
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I The cold accumulator. Some 

t A modem plants producing oxy- 

! gen of “ commercial ” purity 

» « «» • -^-il employ '' cold accumulators ’’ 

j I instead of coaxial tube heat 

J L. 1 L inter changers. A typical cold 

I A I accumulator is a pair of ver- 

I ^ 1 I tical lagged towers, each about 

J ^ A ^ ^ 

^ g I of thin aluminium foil in the 

I form of spirally wound strips 
I ^ . . of corrugated sheet packed 

I' I 1 I above the other. At first 

‘ I (heavy lines), the incoming 

J V J stream of air passes through 

I i ' . I nr one, say J[ (Fig. 143), while the 

• < , J ^ exhaust stream of very cold 

i. — air from tho plaut passes 
Y * 1 ^ through the other, B, which 

it cools to a very low temper- 
I ature, removing heat from the 

Fio. 143. — Cold accumulator. After 2 minutes, the 

connections are reversed (thin 
lines) by suitable taps so that the incoming air passes through B, 
giving up heat to the very cold foil, while the exhaust stream cools 
A. Eeversal takes place every two minutes. The result is, of 
course, exactly the same as with an exchanger ; the outgoing cold 
stream is the means of removing heat from the incoming stream. 

The cold accumulator has two great advantages. First, only a 
very small pressure head is needed to drive the gas through it, and 
secondly, there is no need for preliminary purification. Ice and solid 
carbon dioxide are deposited on the foil by the incoming stream ; this 
sublimes ofi into the outgoing stream during the cold period. 

HYDBOGEN AND HELIUM 

Liquefaction of Hydrogen. The critical temperature of hydrogen 
is “ 241® C., which cannot be attained by any independent cooling 
agent, so the Joule-Kelvin effect is the only way of liquefying 
hydrogen. The temperature of inversion (for moderate initial 
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pressures) is - 80® C. : below 
this temperature hydrogen 
is cooled when it expands 
freely through a valve ; it 
is necessary to pre-cool the 
gas below the inversion tern- zz: 
perature before expansion. 

In Kamerlingh Onnes’ 
hydrogen apparatus, the 
scheme of "wMch is outlined 
in Fig. 144, the hydrogen, 
first carefully puriJfied, is 
passed through a bath of 
liquid air boiling under re- 
duced pressure, giving a 
temperature of ~ 208® C. 

The hydrogen, at 150 atmo- 
spheres pressure, expands Fig. 144 .— Hydrogen liquefaction, 

through a valve to a pressure 

of one atmosphere and is liquefied. The hydrogen must be free from 
oxygen and nitrogen, as well as other impurities ; otherwise there is 
the risk of the plant being blocked by solid oxygen or nitrogen, with 
resulting risk of explosion. This is the main reason for purifying 
the gas, for the liquid hydrogen is usually required to produce 
a low temperature rather than for its chemical purity. For this 
reason Kapitza in 1932 designed a modified form of Onnes apparatus, 
in which a small quantity of very pure hydrogen is kept circulating 
round the system, and produces a bath of liquid hydrogen. Com- 
mercial hydrogen is then liquefied under pressure in a container 
immersed in this liquid hydrogen. The commercial hydrogen is 
drawn off as required for cooling purposes. 

Solidification of hydrogen. Solid hydrogen is obtained by using 
the cooling effect when the liquid is boiled under reduced pressure. 
The same method will solidify ah the permanent gases except 
helium, for which a different method has to be employed (see 
p. 322). 

Helium. The temperature of inversion of the Joule-Kelviii 
effect for helium is about -240® 0. r the gas wm first liquefied 
by Kamerlingh Onnes using the same method as for hydrogen. 


Hgdmgen 


UQ atmospheres 


Liquid 

hydrogen 
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but pre-cooling down, to - 258® C. means of a bath of hydrogen 
boiling under reduced pressure. 

Kapitza used a modification of the Claude process, in which the 
expansion engine was designed with a special grooved piston for 
which no lubricant was necessary. The purified gas was compressed 
to about 30 atmospheres and pre-cooled by passing through a bath 
of liquid nitrogen at about - 208® C. ; part then passed to the 
engine, and after expansion left at a temperature of - 263® C. This 
cooled the remainder on its way to the expansion valve, at which 
liquid helium was produced. An advantage of this method is that 
liquid hydrogen is not required as an accessory. 



Tw’o recent processes devised by Simon for the 
2 1 |o production of small quantities of liquid helium 

sp 2 Z 2 ZZ 2 ZZS 222 & are of interest. The first method, that of adia- 
batic expansion, is indicated in Fig. 145, The 
? vessel Ri contains the helium to be liquefied, 

r r r r r T under a pressure of 150 atmospheres. The outer 
chamber i? 2 , when filled with helium gas, 
maintains thermal contact between Mi and the 

surrounding bath of liquid hydrogen, which is 

kept boiling under reduced pressure by the 
^ application of an exhaust pump to the outlet 

0. When M^ is evacuat^ through 2, the 
[R 2 vessel Ml is perfectly insulated from the bath. 

\\. JJ The helium in Mi is then allowed to expand 

suddenly, and the fall in temperature suffices 
Fio. 145, — Simon’s to liquefy the gas. The adiabatic condition is 

Sod forlK”'' insulation rather 

than the rapidity of the expansion. The whole 
apparatus is made of metal to withstand the large pressure 
differences. 

The second method employs a new principle, that of adiabatic 
desorption. When a gas is adsorbed on a solid surface, heat is 
liberated — ^an effect analogous with the evolution of latent heat 
when a vapour condenses. So when adsorbed gas is removed (or 
desorbed this must result in the removal of heat from the 
surface. The apparatus is indicated in Fig. 146. The vessel Mi 
contains the helium to be liquefied ; the chamber M^ contains 
charcoal, and helium gas can be introduced through the tube 2 
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Char cod 




whicli also serTes for Its removal by a vacuum pump. The sur- 
rounding vessel is iiled with helium when it is required to place 
the inner yessels in thermal contact with the surrounding bath of 
liquid hydrogen boiling under reduced pressure, and is evacuated 
when they are to be insulated. 

The sequence of operations is then as 
follows. The vessel is full of helium ; 
i ?2 is supplied with helium which is 
adsorbed on the charcoal, liberating heat 
which is conveyed outwards through 
w'hich also contains helium to conduct 
this heat away. The vessel is then 
evacuated, so that and E^ are now 
insulated. ISText, the vacuum pump is 
applied to 2 to remove the adsorbed 
helium from The fall in temperature 
produced is sufficient to liquefy the 
helium in E^. 

Properties of liquid helium. On cool- 
ing liquid helium at ordinary pressures, 

Kamerlingh Onnes observed no sign of 
solidification. It has been established that a transformation to 
another form of the liquid takes place at a temperature of 2T86° K,, 
which is called the A-point. Above 2T86° K,, the liquid is Helium 
I ; below this temperature, Helium II. The two forms are strikingly 
different in physical properties ; helium II has a smaller density, 
greater latent heat of evaporation, and smaher surface tension. 
Observers have stated that the viscosity is exceedingly low, and the 
rate of fiow through tubes practically independent of the pressuie 
difference. Helium II has an extraordinarily high coeffici«it of 
thermal conductivity — 190 pMS unite, as compared with 0*9 for 
copper ; but this only persists for temperatures above K. It 
has been suggested that the very low viscosity csf the liquid may 
have some bearing on this alfcormal figure. 

Daunt and Mendelsaohiq (Medure, Hov. 12, 1942) point out the 
striking analogy between the flow of helium aimm practically un** 
Mn<teiM by vmcom rmiMakm at this very low tempratare In BfeMum 
II, and the phenomenon of eleetrioal suprcmiduction, (p, wh«i 
ekdfom Ihrough a material rahraiered by twiMatm* 


Fia. 146. — Adiabatic desor|> 
tion methcwl for heiium. 




'• u* .‘i;, ; • 
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Solid helium was first obtained by Keesom, who subjected liquid 
helium to high pressures. The solid is obtamed at a pressure of 
250 atmospheres at 4-2° K. Further experiments showed that at a 
high enough pressure, solid helium could be obtained in equili^ium 
with the vapour at temperatures v'eH above the critical temperature 
of the gas ; at 5800 atmospheres, solid helium is obtainable at a 
temperature as high as 42° K. ( -231° C.) ; the critical temperature 
is about 5° K. ( -268° C.). Other gases have since been observed 
to behave in a similar way, hence it must be assumed that the 
critical temperature applies only to the liquid- vapour change. That 
is, the substance cannot exist in the liquid state at all above the 
critical temperature ; but it may, if sufficiently great pressure is 
applied, exist in the solid state above this temperature. 

PRODUCTION OF EXTREMELY LOW TEMPERATURES 

When any magnetic material is magnetised, external work is 
done on the specimen and this results in a rise in temperature. 
Similarly, w^hen a substance is demagnetised, there is a correspond- 
ing fall in temperature. This is known as the magneto-caloric 
effect. Very low temperatures, within a very small fraction of 
a degree of absolute zero, have been obtained by demagnetising 
samples of suitable materials adiabatically — ^that is, in an isolated 
thermally insulated space. 

rp, . intensity of magnetisation of specimen 
intensity oi magnetismg held 

for any material is called the susceptibility of the material, x- 
Substances can be classified as ^paramagnetic (magnetisation in same 
direction as magnetising field, x positive) and diamagnetic (mag- 
netisation in opposite direction to field, x negative) ; a few ferro- 
magnetic materials such as iron, nickel, cobalt, exhibit very great 
susceptibility below a certain temperature called the Curie point, 
different for each substance, but above this temperature behave 
as ordinary paramagnetics. The susceptibility of diamagnetic 
substances is independent both of the field strength and the tem- 
perature. The susceptibility of paramagnetic substances does not 
depend on the field strength, but does depend on the temperature. 

For paramagnetic substances, the relation between susceptibility 
X and absolute temperature T is given by the relation 
where (7 is a constant. This is known as Curie’s Law. 
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Thus, at very low temperatures the 'susceptibility of paramagneties 
is very considerably greater than it is at ordinary temperatures. 
The size of the magneto-caloric effect also increases as the initial 
temperature is lowered. 

In 1926, Giauque and Debj^e suggested that if paramagnetic salts 
obeyed Curie’s Law at the temperature of liquid helium, the cooling 
given by adiabatic demagnetisation should be quite large. In 1931, 
Giauque and McDougall reached a temperature of 0*25° K. using 
gadolinium suljAate, and de Haas, Wiersma, and Kramers reached 
0*0034° K. using a mixture of chrome-potassium alum and 
aluminium-potassium alum. For the substances chosen, y changes 
rapidly with the temperature. 

Fig. 147 gives a general outline of the apparatus used in th^e 
experiments. The specimen A is held in the chamber i?, which 
can be filled with helium or evacuated. A test coil surrounds R ; 
this coil is connected in one arm of a A.c. bridge, so that its self- 
inductance can be measured. The whole is surrounded by liquid 
helium in a vacuum vessel, which is surrounded by another vessel 
containing liquid hydrogen or liquid nitrogen, A powerful electro- 
magnet provides the magnetising field. 

The procedure is to fill B with helium gas to maintain thermal 
contact vdth the outer bath. The 
initial temperature is of the order 
1*2-1*5°K., depending on the pres- 
sure above the liquid helium. The 
specimen is then magnetised in a 
field of the order of 10,000 oersted. 

The heat evolved during the mag- 
netisation is conducted away by the 
helium gas in Next, the chamber 
R is evacuated. Finally, the mag- \\ 
netising field is switched off. ^ 

The method of estimating the N 
temperature reached is interesting. 

The self-inductance of the test coil 
depends on the value of x for the 
specimen inside it ; and if the Curie 

Lay holds, T is proportional to 1/x, ^ 147 .-Adiabatic 

which is found frbm the a.o. bridge 


Liquid 

"Hydrogen or 
Nitrogen 


.Liquid 

Heimm 


'.324 


A TEXT-BOOi: OF HEAT 


reading. It is usual iu tMs work to record temperatures on the 
Curie Scale (defined hj the relation denote them by 

the symbol In the absence of any independent check on the 
validity of Curie’s Law at extremely low temperatures, it would be 
reasonable to question whether these low temperatures are actually 
attained or not, but the Curie Law does hold, and the Curie and 
thermodynamic (Kelvin) scales agree, over the region for which 
experimental tests have been made. 

Measurement of very low temperatures. The following tempera- 
tures have been established as additional subsidiary fixed points on 


the International Temperature Scale : 

Boiling point of nitrogen 

5 , „ neon 

„ „ hydrogen 

„ „ helium 


~ 195-808® C. 
-246-087® C. 
-252-780® a 
-268-928® a 




all at one standard atmosphere pressure. 

The helium gas thermometer can be used to interpolate between 
th^e fixed points, and also below the standard boiling point of 
helium, down to 1° K., when the pressure at which it is operated 
has of course to he below the vapour pressure of the liquid helium. 

Other practical forms of themometer over limited temperature 
ranges use the vapour pressure of liquefied gas. An empirical 
formula of the type log P -a +6T -c/T, where P is the vapour 
pressure and a, b, and c are constants, is used. Actually, no 
separate thermometer ” is used ; the vapour procure over the 
liquid is measured by a pressure gauge. The vapour pressure of 
hydrogen is used for the range 20® K, to 14® K,, and that of helium 
from 4-2® K. to 1® K. 

Electrical resistance thermometers sufier from two defects at very 
low temperatures. First, they are disturbed by magnetic fields, 
and secondly, superconducting impurities cause the material to give 
inconsistent results. 

Platinum resistance thermometers have been used down to about 
14® K., and lead resistance thermometers in the range 20®“7*2® K. 
Phosphor bronze is used from 7® K. to below I® K., and carborx 
from 4® K. to below 1® K. 

Thermocouples employing gold and silver alloys have been used 
from about 17° K. to 2-5® K. 
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For t€fflap«atiires l>eiow T K., tiie Cb™ Scale, depending m the 
vamtion of tie magnetic susceptibility of a paramagnetic salt 
\vith temperatoe is used, Estpemnents have been done to de- 
termine the relation between the Curie Scale and the Kelvin Scale, 
the principle of which is to take the mateial through a thermo- 
djmamic cycle, and actually measure the heat abscarbed from a 
beam of y-rays which is used to raise the material from a Jbw 
temperature to a higher one. At temperatures within the range of 
independent thermometers, it is found that the Curie Scale and 
the Kelvin Scale agree. 

Properties of materials at very low temperatures. For all sub- 
stances ihe atomic heat tends to zero as the ab^lute zero of tempera- 
ture is approached (see p. 73). For paramagnetic substances, the 
magnetic susceptibility is very nearly inversely proportional to the 
absolute temperature. Perhaps the most striking effect is that of 
superconduction (or supra-conduction). In 1913, Kamerlingh Onnes 
found that when mercury was cooled below 4® K. its electrical resist- 
ance vanished. This effect was also found in lead, tin, and other 
metals which appear close to these elements in the Periodic Table ; but 
it is not shown by all metals ; for example, copper and gold do not 
behave in this way, and it appears, like ferromagnetism, a restricted 
rather than a general property. No trace of electrical resistance is 
observed in a material w^hich is in the superconducting state, A 
current once induced in a superconductor continues undiminished 
in strength for days, indeed so long as the necessary low temperature 
is mamtained. Superconduction ceases in a magnetic field above a 
certain threshold strength, "which depends on the metal and the tem- 
perature, but is restored when such field is removed. 


QUESTIONS ON CHAPTER VIII 

1* Distinguish between a gas and a vapour, and explain what is 
meant by the critical temperature of a gas. 

Give a short account of the method .generally used to liquefy air. 
Suggmt a method of measuring the tempemture of liquid air, (O, M C.) 

' 2. D^rlbe one good method of liquefying the more permanent gases, 
and mention the principte on which it' depends. Describe a meth«l 
of measuring low tempemtures mich as that of liquid air, (C,S,) 

3* Write: a.Aort essay on the liquef«jti«n of gaa« and tho production 
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of very low temperatures, mentioning some of the changes in the 
physical properties of bodies which occur at low temperatures. (C.S.) 

4. Describe briefly the methods employed in liquefying (a) air, 

(6) hydrogen, and explain the principles involved. (C.S.) 

5. Write a short essay on the liquefaction of gases with special 

reference to iiydrogen and helium. (C.S.) 

6. Describe a method of liquefying hydrogen. How may low 
temperatures such as that of liquid hydrogen be determined? (C.S.) 

7. Give an account of the liquefaction of gases. Describe the genera! 
construction of an apparatus for liquefying hydrogen. Discuss briefly 
the investigation of one property of matter at low temperatures. (O.S.) 

8. Discuss the physical principles which are applied in the liquefaction 

of gases. Describe how liquid oxygen can be produced for industrial 
purposes. Explain the nature of the special difficulties which have 
been found in liquefying hydrogen and helium and show how they have 
been overcome. {J.M.B.) 



CHAPTER IX 




TRANSFERENCE OP HEAT 


The three principal means by which heat may be transferred jS-om 
place to place are called conduction, convection, and radiation* 

Conduction is defined as the transfer of heat through an unequally 
heated body, without visible motion of any part of the body ; that 
is, it is the propagation of heat through a material, 'which itself 
remains stationary. 

Convection is the motion of heated material, which carries its 
heat with it. 

Radiation is the transference of heat from a hot body to a cold 
body without appreciable heating of the intervening space. 

Evaporation of a liquid and condensation of its vapour will 
transfer heat from a hot liquid to a cold surface ; this, and one or 
two other similar operations can really, 
by stretching the definition a little, be 

classed as particular types of convection. ^ 

Conduction. Coefficient of thermal \ C 

conductivity. Consider a thm parallel- \ \ 

sided slab of material (Fig. 148) of ^ 

thickness Sx, and area A, with one face ^ 

(1) maintained steadily at temperature 

and the other face (2) at V 

In this steady state, heat flows at a Face ? V ^ 

steady rate from face 1 to face 2, in a i 4 g. 

direction normal (that is, at right angles) 

to the faces. Experiments have shown that, under these conditions, 
the rate of flow of heat is : 

proportional to the area A, 

proportional to the temperature /aZZ ~ 8^, and 

inversely proportional to the thickness 8x. 

— 8(9 

Rate of flow of heat oc A — ^ ; 
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where is a constant for the material called its coefiB-cient of thermal 
conductivity. 

The ratio — ^ is the temperature gradient across the slab ; and, 


dS 


if Bx is very small indeed, can be "WTitten ^ * 

Similarly, if we write SQ for the quantity of heat passing in time 




dQ 


or in 'the limit when Si is 
di 


'•'Eence, 


-M 


d^ 


Si, the rate of flow of heat is 
extremely small. 

This equation can be stated in words as follows : When heat is 
flowing normally between the faces of a thin parallel-sided slab of 
material, and a steady state has been reached, the rate of flow of 
heat equals the product of coefficient of thermal conductivity, area 
of slab, and temperature gradient.*^ 


Since 


/ 

' dtf 


'dx^ 


k may be written in words as 

rate of flow of heat in steady state 


;b== 


normal to the faces of a parallei-sided slab 
area x temperature gradient ; 


dB dJO 

while, if ==1 and =1, k = ~^ , and the most satisfactory de- 
nmtion c^k is: 

The coefficient of thermal conductiTity, k, of a material is the rate of 
flow of heat through unit area under unit temperature gradient, normal 
to the faces of a thin parallel-sided slab of the material, when a steady 
state has been reached. 

The qualifying statements are important, since other considera- 
tions aflect the rate of flow of heat if they are not fulfilled, as is 
shown later. 

Temperature distribution down a bar of uniform cross-section in 
the steady state. Consider a long cylindrical bar of uniform cross- 
sectional area A, the ends of which are maiatained steadily at 
temperatures B^ and B^, 6^ being the greater. 

First, suppose that no heat escapes from the sides of the bar. 
This assumes that the sides lose no heat by radiation, and that they 






f 
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1 2 



Fig. 150. — Steady heat-flow and temperatTore distribution for 
cylinder losing heat from side. 

The calculation of the temperature distribution in the second case 
is di ffi culty but is manageable if certain assumptions are made. 
Suppose that the rate of loss of heat at any point is proportional to 
the temperature excess at that point, Newton’s Law of Cooling being 
obeyed. To simplify the notation, let 6 stand for the temperature 
eoccess above the steady temperature of the surroundings. The 
temperature gradient is still properly represented by ddjdx. Let E 
be the heat emitted per sq, cm. per sec. per unit temperature 
difference ; E is called the emissivity of the surface. Let the peri- 
meter of the bar be p. 

Consider a section of thickness 8a; lying at distance x from the 
hot end of the bar ; let the average temperature excess be 6 for this 
section. Then, 

(mte cd which heat flows into face 1) — {rate at which heat flows out of 
face 2) = {rate at which hepd is hat from the aide). 
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Let the temperature gradients at face 1 and face 2 be ( — 

'de\ . 

sdx)<^ 

Rate of flow of heat into 1 = -IcA . 

Rate of flow of heat out of 2 = - IcA J • 

Rate of emission from edge -E B, 


/dd\ /d6\ 

Kdx)^ \dx)i Ep . 


Now, I Bxk the change in ^ in going from face 1 to 

face 2, and this can be written 3 j Sx, or, in the Hmit, when Sx is 


extremely smaU,^®, or 


dx \dx, 
/dB\ 


Writing ^ for 


/(W\ 

\dxJ2 \dxJi 


the equation becomes 


= andputtmg^=/.®. ^ = 

This is a diflerential equation, the solution of which must mYolve 
two arbitrary constants. 

Let the solution be B =ae^ + be'^^, whei^ a and b are constants. 
dB ^ _ 


Diflerentiating, 




and again, ^ ae^ -r be-^f^ = {ae^ + be^^} — p^B. 

Hence B + be’-^ is a solution satisfying the equation, and 
a and b are constants determined by the particular case. 

. ■^upp<»e at first that the bar is infimtely loi^. Then, when a; »0, 
« i and = 1, wMle 6 « Bq, the temperature mxm at the heated 

end. 

So j?0»a4'6. 
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Now, if ^=0 when a; = 00 the right-hand side of the equation must 
be infinite unless a = 0. So 6q =6, and the solution is ^ 

The graph of temperature excess 6 against x is as Fig. 151. 

If the bar is not considered infinitely long, suppose that the 
length is L, and that the far face is at the temperature of the 
surroundings, so that no heat flows out through the end face, and 
the temperature gradient at the end is zero. 

Then ^ = 0 when x=L. 

ax : ■ ■ 



Distance x frcm heated e/id^ 

Fig. 151. — Steady distribution of temperature excess down bar losing 
. heat from the sides. 


Now 




so if 


T- =0 when x=L, 
dx 


aeP-L - =0 and solving these two equations for a and 6. 

As liefore, 



BETERMINATION OF CONDUCTIVITY 

ingm-Hausz^€3q>ei^^ io compare the conductmMes of different 
materials. The materials to be compared are in the f<H*m of long 
thin rods of equal length, id^tical in area of cross-seoti<M and in 
^mC&ce finMi. . are coated' with wax, and arraai^ed €ks in 

Fig. 152, with one end protruding into a tank A in which water is 
maintained at the boiling point. 
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After a steady state lias been 
reacbed, the wax is observed to 
have melted to distances 
Ig, ... along the bars 1, 2, 3, ... 
of thermal conductivities, k^. 

Suppose that the bars are 
extremely long compared with 
their diameter. Then the equation Fig. 152.- 
for the temperature excess at dis- 
tance X down each is ^ where is the value of B for the 

tank, and pu stands, as on p. 331, for the factor sJ'EpjkA for each bar. 

Let 6^ be the value of B for the melting point of wax, the tempera- 
ture attained when for bar 1, x = Zg for bar 2, and for bar 3. 


For the first bar, 
for the second, 
for the third, 

Hence, 

E, p, and A being the same for all the bars. 


; and so on. 


^ 2 - 


■A®’ 




■va- 


Hence, 

11 

11 

or 

_ ^2 _ ^3 

or 

k^ : k^ *. k^ ... : Zg® 


This theory would be quite satisfactory for extremely long bars ; 
in practice, rods up to about 20 can. long, with diameters of a few 
mm., are used, so it <»nnot apply to the usual apparatus* Ashford, 
{School Science Mevim^ vol 21, p. S3) gives the correct treatomi 
If I be the distance at which the temperature excess ia 0^, and L 
the exposed length, then the proper equaticm giv«i 

..t- - - 
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This is satisfied for all the bars if, and only if, 

/^i^i ” /^ 2^2 ^ *** 5 ~ ^ 2 /^ 2 "* ^ ^ 3 /^ 3 *^ ••• 9 as aboire ^ 

and also (2) either (a) i ^3 ... are infinite 

/7 \ T T T ^2 ^3 

or (6) — 

To satisfy both (1) and (2b)yLilli-LJl2=LJl ^ ... , thus the lengths 
of the exposed portions of the bars must be adjusted so as to be 
proportional to the length from which the wax has melted ; then 
the conclusion reached above is strictly applicable, provided the 
temperature gradient at distance L is negligibly smaU. 

Searie's method for the conductivity of a very good conductoro The 
absolute determination of k requires three sets of measurements, 
corresponding to rate of flow of heat, area, and temperature gradient 
for a thin parallel-sided slab. 

For a thick bar of a verj^ good conductor, such as copper, the ends 
of which are maintained steadily at different temperatures, the 
temperature gradient is the same throughout. It is therefore 
possible to measure the temperature gradient at one part of the bar, 
and the rate of flow of heat at another. 

The specimen is a thick bar of copper about 5 cm. in diameter, 
polished, surrounded by dry felt, and enclosed in a wooden box. 
Steam circulating through a chamber attached to one end of the bar 
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maintains this at 100® C. A cnrrent of water running from a 
constant head apparatus through a copper- spiral soldered on the 
other end maintains this - end at a steady low 'temperature^ and also 
enables the rate of flow of heat through the bar to be measured- 
Thermometers and are placed- in. holes in the bar at a knoTO 
distance d apart, the holes containing mercury to ensure good thermal 
contact. Two more thermometers and record the inlet and 
outlet temperatures of the flouving water. Fig. lo3 illustrates the 
-appa-ratus. ■ - 

The diameter D of the bar is measured with calipers in se-Teral 
places, the value of the area 7rD^j4: calculated in each ease, and the 
average taken. The distance d between the centres of the holes in 
viiieh the thermometers rest is also taken. The currents of cold 
water and steam are started, and the apparatus left to attain a steady 
state. When the readings (^j, $ 2 ^ four thermometers are 

steadj^ these are observed, and the water flowiiig through the 
copper tube in time t seconds is collected and its mass m found. 
If s be the mean specific heat of w^ater between and ^ 4 ®, the heat 
supplied in t sec. to this w'ater is ms(6^-6i) cal., and the rate of 
supplying heat is 7ns(0^- cal. per sec. 

This is the rate of flow of heat down the bar. 

B B 

The uniform temperature gradient is — 


Hence, as the area, rate of flow of heat, and temperature gradient 
are all known, k is calculated by substituting in the expression 


k — 


rate of flow of heat 
area x temp, gradient ’ 


Guaxd-ring method. The principle of this method, w^hich is 
applicable to substances which can be classified properly neither 
as very good or very had conductors, is indicated in Fig. 154. 
The material, in the form of a thick slab with parallel faces, has 
two holes bored for thermometers at a measured distance apart-. 
One face of the slab is steam heated, and the other is in contact with 
an ice calorimeter. The flow-iin^ of heat are indicated in the 
figure ; it can be seen that in the centre of the slab these are 
practically parallel from one face to the other. Thus, if the rate 
of flow of heat through a known area of the central pvt of 
the slab can be found in the steady s 1 »te, and the uniform 
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temperature gradient along the central part found, k can be deter- 
mined accurately. 

A large part of one wall is maintained at 100® 0. by a steam 
chest ; the central part of this is isolated so that the steam con- 
densing in it, and thus the rate of flou' of heat into the central 
portion, can be found, while the rest acts as a “ guard ring A 
corresponding central portion of the ice calorimeter is isolated, so 
that from the mass of ice melted the rate of flow of heat out of the 
central portion is found ; the rest of the ice chamber acts 'as a 
guard ring. By isolating the centre part, through w^hich the heat 
flows under the simplest conditions, the simple formula of p. 328 may 
be used for calculating k. The temperature gradient is 
where 6^^ and 6®2 readings of the thermometers and Tg. 



The temperature gradient is measured from observations of 
thermometers within the specimen, with their bulbs in the central 
flow region. It is not safe to assume that the temperature gradient 
is 100 ® ~ 0 ®/c^, since there is a film of water on each face of the slab 
across which there may be an appreciable temperature drop. 

The method is quite general in its application. The steady heat 
supply may be furnished electrically, in which case the heater coil, 
of w^hich the rate of supply of heat is measured, would be surrounded 
by a>guard-ring heater coil maintained at the same temperature. 

It has been stated above that the method is best appMed to 
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materials of the “ poor conductor ” class. The use of a giiard-rmg 
of course adds precision to any determination of k for any kind of 
conductor. But with a very good conductor, as in Searle's method^ 
side losses can usually be ignored for a specimen of suitable dimen- 
sions, while for a very bad conductor it is usually necessary, in 
order to obtain a substantial rate of flow heat, to have a specimen 
in the form of a thin slab of large surface area, for which the edge 
loss is relatively small on account of the small exposed edge area. 

method for the conductivity of a very bad conductor. The 
apparatus (Pig. 155) consists of a cylindrical steam chest B, the 
bottom of which is a thick brass block, with a hole bored to receive 
a thermometer The specimen S, in the form of a thin circular 
disc, is sandwiched between the block and a second cylindrical brass 
block C, in which there is a second thermometer To. The block C 
is suspended from a fixed support by threads shown in the diagram. 
The only way in which heat can reach C is thus by conduction 
downwards through the specimen. 

The diameter, and the thickness d 
of the specimen are first measured. 

The apparatus is then set up, and 
steam is passed into the chest until 
the readings and $2 ^2 

are steady. As brass is an extremely 
good conductor, the thermometers 
can be taken as recording the 
temperatures of the faces of the 
specimen. Thus the temperature 
gradient in the steady state is 
(^1 “■ ^2)M* 

Next, the rate of flow of heat through the specimen is found in 
the following way. The temperature of C is steady ; it is therefore 
losing heat to the surroundings from its side and base at exactly 
the same rate as it is receiving heat by conduction through the slab. 
Thus, the rate of loss of heat fi'om € at temperature 0^ 
rate of flow of heat downwards through the specimen. 

The mass m of the block C is foundi and the specific heat s of 
brass obtained from a sat of tabte. The Mock is then 
gently by a bunsen burner, and raised to a temperature 
d^rees afeove 0/ ; the specimen ah»e is pla<»d on top of CJ, and' 



Fia. M5. — L©€©’ disc method for 
bad conductor. 
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the time t sec. taken for the temperature to fall to ^ 4 ®, which is as 
far below 6^ as was above it, is found. The average rate of 
loss of heat over this interval is then ms{d^ - B^jt calories per 
second ; this is the required rate of flow through the specimen in 
the steady state. 

It is, of course, impossible to reproduce completely during the 
second -part of the experiment the steady-state conditions of the 
first part. It is usually suggested that the specimen should be 
retained on the top of 0, Another procedure, recommended in 
Bedford's “ Practical Physics is to allow C to cool uncovered ; 
if 8 be the area of the curved sides of (7, as the area exposed in the 
second part is 2 A H- compared with J. -f- /S exposed in the first part, 
the rate of flow through the specimen in the first part is equal to 

A 

the rate of loss from an area ^ of that exposed in the second 
part, whence the rate of flow is then 


A -¥8 


>ms- 




2A+8 t 

The area, rate of flow of heat, and temperature gradient all being 
known, Jc is calculated by substituting in the expression : 

rate of flow of heat 




area x temp, gradient * 


It is assumed that no heat is lost from the curved edges of the 
specimen in the steady state, so the specimen must be thin. It 
follows that with this form of apparatus only very bad conductors 
can be used, since with a thin slice of a moderate conductor 
the temperature difference would be too small to measure 
accurately. 

The method is used with electric heating, the only modifications 
being (a) a double sandwich with two slabs of the conductor, and the 
electric heater mounted in the middle ; and ( 6 ) the rate of flow 
of heat is measured by the rate of dissipation of electrical energy 
during the steady state, no second part of the experiment being 
necessary. The whole apparatus is suspended in an evacuated 
enclosure, and the temperature difierences are read by means of 
thermocouples. 

The method can also be adapted to measure h for a liquid, which 
must of course be retained in position by a solid ring. It is arranged 
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EADIAL HEAT FLOW 


m 


that the heat flows down- 
wards through the liquid, so 
as to avoid convection eflects. 

A preliminary experiment is 
done to find the rate of flow 
of heat through the solid 
ring, and a second experiment 
with the ring filled with 
liquid. 

Flow of heat through the 
walls of a cylindrical tube. 

Let the internal and external 
radii be and and let the 
steady temperatures of the 
inside and the outer side of 
the tube be and B^ 
being the greater (Fig, 156). Let I be the length of the tube. 

Consider a thin cylindrical element of radii r and r As this 
is very thin, and heat flows normally to the faces, this can be 
regarded as effectively a thin parallel-sided slab, whence 


Fig. 156.~~Badial heafc-flow. The figw© 
can be taken as representing a section 
across a cylinder, or a cross-section of a 
spherical shell. 


As A -27rrL 


dt^ 

dQ dd 

-77= -^.27rrZ.-7- = 
dZ dr 

dQ 


^27TkL 


do 

dr' 


Now, as everything is steady, ^ must be the same for all values 

dt , 

of r ; hence, as h and I are constant, ioaust be constant, 

^ dr 


Let 

Integrating, 6 -a 
Now, when 


dB 

f-7- =a. 

dr 


A d0=^a 


dr 


+ 6, where 6 is a constant. 


and when f =«% ^ 


+ and + 


lnr;i-lnrg 
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dB . 


Substituting this value for in the original equation. 


Q't' In “In ?*2 


in fg “ m fi 


^:^k.27rl^ 
at 


e,. 


Inra/Vi 

Hence, if U a-nd the rate of flow of heat are determined 

experimentallyj> h can be fonnd from, the expression 

Inyri 

, dt'27ri(e.^~e^)' 

Flow of heat through the walls of a spherical shell* Let the inside 
of the shell he maintained at temperature 0^, and the outside at 
temperature the internal and external radii being and r^. 
Consider an elementary shell at distance r. The area, A, is 477 ?^, 
and, as before, 

^ k 4i7r^ — . 
dt ^dr 

As “ is constant in the steady state, must be constant* 


Put 

and, integrating, 
When 
and when 


dr' 


■ a ; then i6 =^a 


dr 


6- -a/r + b, where 6 is a constant. 
B^Bi, then r^r^; 

6= Bo, then r^r.. 


e,^-t+h 


^2 = 


- + 6. 


'2 


Ldi 
' 1 1 ■ 


and a = 


Hence 


dt 11 11 

and the rate of flow of heat is given by 
dQ _ 4t7rk\B^ - 
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This kas been nsed to determine k for poor conductors. The 
material is enclosed between two conoertTic copper shells, the inner 
of which contains an electric hmter. The value of dQ jdi is obtained 
from the rate of supply of electrical energy m the steady state, 
where &i and radii and are measured by thermocouples. 

Determination of thermal conductivity by the tube method. The 
apparatus is assembled as in Fig. 157. The specimen itolf acts as 
a continuous-flow calorimeter, riirough which a steady current of 
w^ater passes from a constant-head supply. Surrounding the 
specimen is an outer tube through wiich steam is passed. When a 
steady state has been reached, the temperatures and 6^ of the 
thermometers in the inlet and outlet tubes are obs^ved, and the 
mass m of water flowing through in time t sec. is found. 


Steam 


from constant head supply 


To eolkctlng 
vessel 


Steam 


Fig. 157 . — Determinatiofi of h by tube method. 


The rate of flow of heat through the tube, dQjdt is x 1 x ( 1^4 - B^jt, 
The average value of B^ ami ^4 is taken as the internal temperature 
B^ and the steam temperature, taken as 100"^ 0., is The length 
I of the part of the tube surrounded by .steam is observed. The 
internal and external radii, Ti and of the tube are then measured. 
This is best done by cnttmg ofl a portion of the specimen, and 
measuring the internal and external diameters with a travelling 
microscope. The coefficient c€ tihermai conductivity k is than found 
by substituting in the formula 
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(^2 - 9i) being witten instead of (0i - dz), because the heat flows 
towards the axis of the tube instead of away from it as on p. 339. 

For a thin tube, little error is made by regarding it as a parallel- 
sided slab which is bent round into a cylinder. For this, the 


equivalent area is 2Tr . Z, the temperature gradient 




the formula to be used is 




, and 


ib- 


dt * 




27r 


^ 1+^2 




to which the proper formula reduces as an approximation when 
is nearly equal to fg- 

Eate of rise of temperature before the steady state is attained. 
Heworking the mathematics of p. 331 for some stage before the 
attainment of the steady state, 

(rate of flow of heat into face 1) - (rate of flow of heat out of face 
2) = (rate of loss of heat from the edge of section) + (rate of absorption 
<jf heat in raising temperature of section.) 

The volume of the section is A Sx, its mass pA Bx where p is the 
•density ; and if 5 be the specific heat, the heat capacity of the 

.section is spA Bx. If the rate of rise of temperature be ~ , the 

dd ^ 

rate of absorption of heat is then spA Bx - 


dt 


Ep 


^o the equation ^ ^ P 


331 is amended to 


dx^ 


'kA k dt ' 


J7=0 and 


If now we assume no emission from the sides, 

d^0 ^sp dd 

dt spdx^* 

The quantity hjsp is called the therxnometric conductivity or diffusivity 
It represents the change of temperature produced 


which may be written 


of the material. 
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In unit voluTm of the substance by the quantity of heat which, iows 
in unit time through unit area under unit temperature gradient. 
It is thus a constant of greater importance than k itself when 
calculations on the rate of rise of temperature prod'uced^ rather than 
the rate of flam of heat in a steadtf state^ 

have to be done. vvvvv 

Conduction through composite walls. 

Consider two parallel-sided slabs and 

(Fig. 158) of thickness x-^ and and ^2 

conductiyities k^ and k^^ "When a steady 
state has been reached, let the tempera- 
tures of the outer faces of 8^ and 8^ be 
and ^2 respectively, and let d be the ^2 

temperature of the interface. Let A be pia. 1 58.— Composite wails, 
the area of cross-section of the slab, 

and dQJdt the rate of flow of heat through the composite slab from 
to B^. 

mr _ ^ _ k^A{B^ ~ B) ^ k^A (B — B^ 


From these two equations the value of the rate of flow of heat and 
the temperature of the interface can be found. 


kiA 

The ^me methods enable the interface temperatures a 
of flow to be found when there are more than two slabs. 
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Variation of k with temperature for metals. For most pure 
metals the value of h increases as the temperature rises. The 
electrical conductivity, cr, also rises with increasing temperature. 
Wiedemann and Franz stated that the ratio of the thermal and 
electrical conductivities is the same for all metals at the same 
temperature ; this is knowm as Wiedemann and Pranz’s Law. 
Lorenz stated further that the ratio ujk should be proportional to 
the absolute temperature T , thus hjo-T should have the same value 
at all temperatures for all metals. Experiments undertaken with 
the object of testing this relation show that at ordinary tempera- 
tures the laws of Wiedemann and Franz and of Lorenz are obeyed, 
while at low temperatures the value oihjaT falls off. 

The numerical value of kjaT can be calculated theoretically, on 
the supposition that the metal contains free electrons. This ratio 

is called the Wiedemann-Franz constant, and its value is 

where B is the gas constant, A the number of molecules in one mole, 
and e the value of the charge on an electron. It is thus related to 
three universal constants. Values of this constant found experi- 
mentally agree fairly well with the theory at ordinary temperatures, 
but the theory fails to predict the fall in the value of JcjorT which 
occurs at low temperatures. 

Free 2 !ing of a pond. When ice jSrst begins to form on a pond, 
this is because latent heat from a narrow surface layer at 0° C. is 
abstracted by the cold air above. The subsequent growth of the 
ice layer requires that the necessary heat abstraction takes place 
by conduction through the layer of ice already there. The bulk 
of the water in the pond is probably at about 4® C. ; to form one 
gram of ice, 4 calories must be removed to obtain water at 0° C., 
and about 80 calories {L) to freeze this at 0° C. It is not suggested 
that the water in contact with the lower surface of the ice layer is 
at 4° 0. ; the total of about 84 calories is the total heat 'which must 
be conducted away somehow for every gram formed at some stage 
of the proceedings ; and the real solution of the problem is of the 

composite slab ” type, involving the conductivity of the upper 
layers of 'Water. We shall here consider only the conduction through 
the ice. 

Let p be the density of ice at 0“ C., and h c.G.s. units 

its thermal conductivity. Let the temperature above the ice 
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remain steadily at ~ 0/ . At any ."instant i see. from the start of 

freezing, let the thickness of the ice cm., and let the thickness 
increase by a small amount Sir in a small farther interval of time 
8h Consider unit area of the surface, Then, in time U, volume of 
ice formed is Sx c,c,ymass of ice .formed- is phx gm., and quantity 
of heat flmiing tiirough the layer .above is Lp Sa: cal,- So, rate of 

Sx 

flow of heat through unit area is Lp ^ cal. /sec. The lower surface 

- - - m . 

of the ice is at 0® C., and the upper at ~ 6^ C., so the temperature 
gradient is C./cm, 

As rate of flow of heat through unit area ~Icx temperature gradient, 


and the rate of thickening of the ice is directly proportional to 0 
and inversely proportional to the existing thickness x, 

Be-arranging and integrating, we have 

xdx=^^dt, and 

Lp ^ Lp 

the constant of integration being zero as when ^ =0 ; thus the 
time to obtain a given thickness is proportional to the square 
of the thickness, or the thickness attained is proportional to the 
square root of the time, 

Detenninatioii of k for a liquid. The effect of convection must be 
eliminated if the coefficient of thermal conductivity of a liquid is 
to be measured. This can be done by using a fairly thin horizontal 
layer of liquid heated from above. 

Fig. 159 shows the principle of Lees’ apparatus for liquids. The 
liquid is enclosed in a circular ebonite 

ceil !ietween two copper-plated discs • Copper Ct 

C^B.ndC^-, <7, and C 4 are two more 

copper discs, separated by an electric ^rrTyrrrTT^mrryTyrTr 

heater. Between Ug and is a cusc Ca 

of glass of measured thiekn^ and Ef:miM 
known thermal conductivity. The } ' ' G&pmr ' 

steady-state temperaturee of Q, C, i 59 .~ConduotMty of a 

and <74 are determined by thermo- Iiqmd4 
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couples which are not shown in the figure. The whole apparatus is 
supported in a constant- temperature enclosure. 

As the temperature diSerence between the faces of the glass 
plate is known, and also the dimensions and thermal conductivity, 
the rate of flow of heat into the copper block is known. Allow- 
ance being made for the heat loss from the edge of the rate of 
flow of heat through the liquid and ebonite together is calculated. 
The rate of flow' of heat through the ebonite is found by a separate 
experiment under the same conditions in which the cell contains 
air, the thermal conductivity of which is known, and the rate of 
flcw^ of heat through the liquid alone is then obtained. As the rate 
of flow of heat through the liquid, the area of the cell, the tempera- 
ture diflerence between the faces of the liquid, and the depth of 
the liquid are all determined, the coefficient of thermal conductivity 
•can be calculated. 

Conductivity of gases. Gases are very poor conductors, and the 
‘determination of Jc is complicated by the eflects of convection and 
radiation. At ordinary pressures the heat transferred across an 
enclosure containing a gas is the sum of the heats transferred by 
(1) conduction, (2) convection and (3) radiation. 

The radiation transfer can be estimated by a separate experiment 
in which the space is highly evacuated, since radiation is the only 
method operating in a vacuum, and the effect of radiation may be 
•assumed to be the same whether the gas is present or not. 

The more difficult problem of convection may be treated in 
.several ways. One way is to arrange that the flow of heat is down- 
wards through a thin horizontal layer of gas, in a manner similar 
to Lees’ method for a liquid. This should eliminate convection 
•entirely. Laby and Hercus employed this method, the layer of 
;gas being about 6 mm. thick. Another w^ay is to use the fact that 
the transfer by convection depends on the pressure of the gas, wffiile 
(as was shown by Maxwell} the transfer by conduction is independent 
of the pressure provided this is not extremely low. This is probably 
not quite true for gases wdth many atoms in the molecule, but is 
satisfactory for the common gases. In the early experiments of 
Kundt and Warburg, who observed the cooling of a thermometer 
in a globe containing the gas, it was assumed that at pressures 
below about one fifth of an atmosphere convection was negligible. 
The transfer of heat observed at a low pressure was thus supposed 
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due to conduction and radiation only. This is not very accurate, 
since convection must operate, though to a very limited extent, 
'within the region of reduced pressures at which the conductivity is 
still constant. 

The experiments of Gregory and Archer (1925) disentangled the 
conduction and convection transfers by an ingenious variation of 
experimental conditions. These are so instructive that it seems 
well to describe them in some detail. 

The principle of the method is to maintain a temperature gradient 
between the axis and the wails of a cylindrical tube containing the 
gas. A wire running along the axis of the tube carries a measured 
current, and the rate at w’hich energy is supplied to the v'ire in the 
steady state equals the rate at which energy is lost from it. 

The apparatus is indicated in Fig. 160. Two communicating 
tubes A and B containing the gas are surrounded by a rv eil-stirred 
ice bath not shown in the figure. Along the axis of each tube runs 
a piece of platinum wire, which is connected in one arm of a Caliendar 
and Griffiths bridge. When the bridge is balanced the same current 
Sows through each wire, and the main part of each wire is at the 
same steady temperature. The cooling at the ends of each w^ire 
due to conduction of heat to the leads is the same for both tubes, 
and so is the loss across the gas from these cooler portions. The 
diameters of A and B are the same, but B is much shorter than A ; 
by using the shorter tube B as the compensating leads '' of the 
bridge, the effect of the cooler end portions is eliminated. 

If is the length of the wire in A and its resistance, the 
length of the wire in B and resistance, the bridge really 

measures the resistance (which we wiU call of a ivire of 

length 1^-1% (which we will call 1), that is, the central portion of A, 
of which the temperature is uniform. The term “ wire and the 
symbols I and i?, refer from now on to the main portion of A. 

The currents through the arms of the bridge are varied by the 
rheostat jB, and the currents in the wires in A and B are measured 
using a potentiometer to determine the Mi in potential acrcw a 
standard ohm 8 in series with each. 

Let I be the current in a,mperm through the wire, 0 the st^dy 
temp^atare, % the radius of the wire and the interaal radius of 
the tube, ^ the heat loss per sewnd by radiation and ^ the Ii»t Iw 
l»r TOOopd.by oonvecticm, both from tte effective length I of the 
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Fig. 160. — Scheme of Gregory and Archer’s apparatus. Con- 
nections from A‘ and B' go to a duplicate bridge, which is not shown. 

wire at temperature Then, heat supplied electrically per 
second is PRjJ' caL ; heat lost by conduction across gas per 
second is ^TrkWjlB. cal. (p. 339) ; heat lost by convection and 
radiation per second is i(j + <f> cal. ; thus 

PB/J' =27rH<9/ln rjr^ + 4s + <t>. 

The temperature 6 was measured by treating the length I of the 
wire as a platinum resistance thermometer, and was selected by 
working backwards’’; that is, by placing the galvanometer 
contact at the required point on the bridge wire and then altering 
the current through the arms of the bridge until the galvanometer 
registered zero. 

To account for convection, the experiment was repeated with a 
second pair of wider tubes A' and B', identical in all respects with 
A and B except that they were both of the same larger radius 
These were connected in a duplicate Callendar and Griffiths bridge. 
The effect of convection for all pressures at which it is appreciable 
is very much greater in the wide tubes than in the narrow ones, 
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so that if a pressnre can be found 
at which the rate of transfer of. 
heat across the tubes is the same 
for both wide and narrow* tubes, 
it can be concluded that convec- 
tion has ceased to operate in 
both. 

If for the moment both ^ and 
^ are neglected and a value of h 
calculated for the narrow tubes 
using the expression 
PE ^ ^irkW 

P Infg/ri' 

the h obtained is a false value named the ‘‘equivalent conduc- 
tivity”; a corresponding value is obtained with the wide tubes, 
using rg for Plotting the value of the equivalent conductivity 
against the pressure for both wide and narrow tubes, the two curves 
(Fig. 161 ) are found to coincide over a short range of pressure ; the 
value of the equivalent conductivity for w’hich both the wide and 
the narrow tubes agree is then the value of the true conductivity 
as corrected for convection but not for radiation. 

To account for radiation, the experiment is again repeated, this 
time with both the wide and narrow tubes highly evacuated and 
commimicating with tubes containing charcoal immersed in liquid 
air to preserve as high a vacuum as possible. Even at this very 
low pressure, part of the heat lost from each wire is due to the small 
residual conductivity kj, of the gas. If Hjsf and are the rates of 
loss of heat for the narrow^ and wide tubes respectively, and the 
common radiation transfer for the same temperature 

and jGTjf 27 Tkj.&jln — + 

The radiation transfer ^ is obtained by eliminating betw een these 
tw^o equations. 

Correction had also to be made for the temperature difference 
between the inner and outer walls of the glass tube, which meant 
that the temperature difference actually maintained across the gas 



Fio,^ ■ 101, — Correction for convection 
transfer 'in 'Gregory and Archer's ex- 
periment. 
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was slightly less than d. The question of accommodation ’"j 
^’hich really means the extent to which energy conveyed across a 
gas is communicated to a solid, is a further difficulty considered by 
these authors in later experiments. 

The values obtained by Gregory and Archer for the conductivities 
of air and hydrogen at 0° C. are : 

Air, 0-0000583 c.g.s. units, 

Hjffirogen, 0-0004043 c.g.s. units. 

These are appreciably higher than the results of earlier 'workers ; 
some recent experimenters have obtained results a little higher 
still. 

Kannuluik and Martin (1934) improved the hot-wire method by 
using a thick wire (diameter 0*6 mm. to To mm. in different experi- 
ments) along the axis of a vertical metal tube (inside diameter 
about 2 cm.). The vertical arrangement reduced convection 
transfer between wire and tube walls ; as the tube was of metal it 
could be maintained in a constant temperature bath at 0® C., and 
there was no need to allow’' for the temperature gradient through the 
w’alls of the tube ; while with a thick wire the accommodation 
uncertainty was reduced. The temperature of the ends of the 
wires w^as knowm exactly, for they w^ere soldered through copper 
caps at the ends of the tube, and were therefore at the temperature 
of the bath. The general principle of the method is similar to that 
of Gregory and Archer. The rate at which heat is supplied electri- 
cally to the wire is measured, and the rate of transfer by conduction 
through the gas found by allowing for the heat lost by conduction 
along the wme and out through its ends, and also for the efects 
of convection and radiation. The results obtained for the thermal 
conductivities of air and hydrogen at 0° C. were : 

Air, ^ = 0*0000576 c.g.s. units. 

Hydrogen, 0*000413 c.g.s. units. 

The conductivity of hydrogen is thus about seven times that of 
air, Tyndall Heat as a Mode of Motion 1870) describes a 
beautiful demonstration in wffiich a platinum wire, white hot in a 
vacuum, is quenched to red heat by admitting air and ceases to 
glow at all in hydrogen. But he declined to believe that this heat 
removal could be due to oonducMon through the gases. 
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THEOEY ' OF GA^OUS COHDUCTIOX V< 

The conduction of heat through .a gas is a molecular process^ the 
naolecnles in the hotter regions of the space concerned acquiring 
greater kinetic energy than those In the cooler parts, and losing this 
excess of energy by imparting it to the cooler molecules r^ith which 
they collide. ■ An important factor in this process is the mean free/ ■ 
path, Z, of a molecule, which may be defined as the average distance 
traversed by a molecule between successive collisions. A value for 
the mean free path can be calculated approximately as follows. 

Let the diameter of a molecule be a cm. Two molecules collide 
when their centres come vdthin a distance or of one another. Let 
the root-mean-square velocity of the molecules at the temperature 
considered be c. Then in one second any chosen molecule travels 
a distance c, suppose. The centre of the molecule can be imagined 
surrounded by a sphere of radius a ; if the centre of another mole- 
cule comes within the trajectory of this sphere there is a collision. 
The volume of the space swept out by this sphere in one second is 
that of a cylinder of base area Tra^ sq. cm. and length c cm., that is, 
a volume of c.c. Let n be the number of molecules per c.c. 
Then the number in volume tto^c c.c. is nr^crc. So our chosen 
molecule makes eoUisions while travelling c cm., and the 

average distance between collisions is Z= r cm. More detailed 

^ nwcr 

calculations give the value Z=r— cm. 

s/2n7Ta^ 

The equation for the pressure of a gas given by the kinetic 
theory (p. 152) becomes, if n denotes the number of molecules 
per cubic ceTitimetre^ p-^nmcK Thus, at a fixed temperature, p is 
proportional to n, and as I is inversely proportional to n, I is also 
inversely proportional to the pressure p. For example, with 
hydrogen at a pressure of 76 cm., the mean fr^ path is about 
1-8x10"-^ cm. At a pressure of 1 cm. of mercury it become 
14 X 10”^ cm,, and at a pressure of cm. of mercury this is 
14 cm. Of course, in a container whose linear dimensions are less 
than 14 cm. this does not mean that a molecule can travel on the 
average a distance of 14 cm. unimpeded ; it dow, m«ii that on 
the average a molecule can travel firom one wall of the enclosure 
to another without the likelihood of a collision on the way, thus 
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Heat Transfer 


yf 


Momentum Transfer 



the maximum mean free path is attained when the pressure is so 
low that the calculated mean free path is of the same magnitude as 
the dimensions of the vessel. 

Now consider two parallel plates X and Y, Fig. 162, between which 
a steady temperature gradient is maintained, the space between being 
filled with gas. Let m gm. be the mass of each molecule, and the 
specific heat at constant volume. If the velocities of all the mole- 
cules are considered r solved in three direction^ at right angles, one 
of these directions being perp ndicular to X and F, we can consider 
as before (p. 151) that one-sixth of the total number of molecules 
is at any instant moving in any given sense along each of these 
directions. To find the number of molecules crossing unit area of 
a plane parallel to X and Y per second, imagine a cylinder of height c 
to be erected on this area as base ; all the molecules within this 
cylinder which are moving tow’'ards the area will strike it during 
the succeeding second. The volume of the cylinder is c c.c., and 
the total number of molecules within it is m ; but of these only 
one-sixth are moving at right angles to the area and towards it on 
the average, so the number striking the area per second is fnc. 

Consider next unit area of a plane A parallel to X and 7, at 
temperature 6. In every second -jne molecules reach this area, 
having last sufrered collision with another molecule (on the average) 
at the plane J5, a distance I away^ at which the temperature is ^ 

The total mass of the molecules proceeding from the hotter plane 
B to unit area of A per second is and the heat conveyed 
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{^mass X specific heat x temperature difference) is ^cmC\, M calories 
per second. Now, downward transfer, of heat through the plane A 
takes' place ' by " two processes. The first is by the importation of 
more energetic molecules from above, and the second is by com- 
municating energy to less energetic molecules arriving from cooler 
layers below. So an equal transfer of heat in the same direction 
occurs as the result of i■?^c molecules striking unit area of J. every 
second from the plane I cm. below, where the temperature is 
0 - The total transfer through unit area of A per second, in a 
downwards direction, is thus + or lncmC\.B6 

cal. /sec. Now the temperature gradient between B and B' is 


^ degrees per centimetre, so the rate of flow of heat through 
unit area is 


^ncmCJj 


M 

I 


edl.jsee.-X^ncmCJl x temperature gradient) cal. /sec. 


That is, the coefficient of thermal conductivity of the gas is 
k^^ncmGJ, 

Providing that the pressure is not so low that the value of I is 
comparable with the dimensions of the vessel, I is inversely pro- 
portional to 71, and the product nl is independent of the pressure. 
Thus the coefficient of thermal conductivity of a gas should, except 
at extremely low pressures, be independent of the pressure. This 
result w’as deduced theoretically by Maxwell, and verified to a fair 
degree of accuracy by the experiments of Kundt and Warburg 
p. 346) down to 0*1 mm. pressure. 

According to the theory, there is a simple relation between the 
coefficient of thermal conductivity and another important coefficient. 
If in Fig. 162 we now suppose that the whole is at the same tempera- 
ture, but that X is moving parallel to itself with a fixed velocity, 
there will be a force in the direction of the motion of X acting 
upon Y. Assuming that there is no turbulence of the gas between 
the plates, there will be a steady velocity gradient across the space 
XF, the layers of gas near X moving with velocities less than X 
and these velocities decreasing steadily until Y is reached, when the 
velocity is zero. The drag experienced by Y is really a molecular 
effect ; the moving plate X gives the molecules in contact with it a 
momentum parallel to its motion, and this is in part communicated 
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to the plate 7 by the molecules striking 7, having been com- 
municated through the successive strata of molecules by molecular 
collision. By Newton’s second law of motion, the rate of transfer 
of momentum to 7 equals the force experienced by this plate. The 
force per unit area experienced by 7 is proportional to the velocity 
gradient, and the ratio force per unit areajvdocity gradient is called 
the coefficient of viscosity of the gas, symbol 17 . 

Consider the plane A, where the velocity is v parallel to the plane 
itself. The number of molecules arriving at unit area of this plane 
per second in a direction from above at right angles to A is 
and these last suffered collision at B where the velocity is + St;, so 
the downward excess rate of transfer of momentum by means of 
faster molecules from above is ^cm Bv. But there is also the effect 
of slower molecules from I cm. below, where the velocity is 
v-hv; so there is an upward defect equivalent to a downward excess 
of a further ^n'cm 8v. The net rate of change of momentum, which 

__ 3^ 

equals the force on the unit area, is thus ^nc7n Sv, But -y- is the 

8v ■ ' 

velocity gradient, so this force is \ncml . , and the coefficient of 

viscosity is 7]==lncml. Thus, b>s k = lncmlG^, the relation between 
k and t] is 

Accurate calculations show that this equation is not quite 
correct, and that the relation between k and tj should be k—arjC^^ 
where a is a factor which appears to depend on the atomicity of the 
gas. 

APPLICATION OF THE CONDUCTIVITY OF GASES 

The katharometer. The conductivity of hydrogen is about seven 
times as great as that of air under similar conditions, and this has 
been made the basis of an instrument called the katharometer ’’ 
(or purity tester) originally designed by Shakespear and Dajmes 
for detecting the leakage of hydrogen through balloon fabrics. 

Two small helices of thin platinum wire, about 0-001 in. in 
diameter, are enclosed one in each of two ceils in a copper block 
(Fig, 163). Each helix is mounted in a small frame consisting of 
a loop of copper wire soldered to a ring of copper. One ceil is 
completely closed, and the other communicates to the atmosphere 
through three small holes ; the helices are maintained in operation 
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at a temperature of about 15® C. 
above tbe surroundings, so that 
the radiation contribution to the 
heat loss is small, and the small 
dimensions of each cell reduce 
convection losses, so that the 
main heat loss from the wire is 
by conduction. The two helices 
are mounted in the adjacent 
arms of a bridge of the Caliendar- 
Griffiths type. 

If both helices are surrounded by pure air, the rate of loss of 
heat from both is the same. But if the apparatus is surrounded 
by air contaminated by hydrogen, the perforated ceil admits this 
vdiile the other does not, with the result that the helix in the 
perforated ceil loses heat more rapidly than the other, if both are 
at the same temperature. But the rate at which each wire loses 
heat must equal the rate of supply when a steady state is attained 
so the temperature of the wire in the open cell fails until at this 
low^er steady state the rate of loss by conduction equals the rate of 
supply, and the resistance change due to lowered temperature can 
be measured, and the proportion of hydrogen deduced. It is 
possible, instead of rebalancing the bridge, to estimate the deflection 
of the galvanometer, so that the apparatus may be calibrated to 
give direct readings of the quantity sought. The instrument has a 
lag of only 15 sec., and it is possible to estimate a proportion of 
one part of hydrogen in five hundred thousand parts of air. 

Flue gas analysis. Though particularly sensitive for the purpose 
for which it was originally devised, on account of the large con- 
ductivity of hydrogen as compared with air, the method can be used 
for general gas analysis purposes. An important modem application 
of this principle is the analysis of flue gases in industry. If too little 
air is supplied to a furnace, aU the combustible matter will not- 
be burned, and the gases will contain some carbon monoxide as 
well as carbon dioxide ; on the other hand, if too much air is supplied, 
most of the carbon will certainly be turned to carbon dioxide, but 
valuable heat is wasted in heating up the excess air. There is thus 
a efficiency which is attained with one fixed air supply ; 

the degree of efficiency can be estimated from a knowledge of the 


Fig. 163.^Principle of katharometer. 
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percentage of carbon dioxide in the flue gases, together with a 
knowledge of the flue gas temperature and the percentage of 
combustible gases. The following section describes the scheme of 
the Cambridge Instrument Company's flue gas analysis apparatus. 

In the electrical carbon dioxide meter, four identical platinum 
wire spirals are enclosed in separate ceils Eg, Eg, in a solid 
metal block, as shown diagrammatically in Fig. 164. Each spiral 
forms one arm of a Wheatstone bridge circuit. A definite electric 
current is allowed to flow through the bridge, thereby causing the 
spirals to become heated and to lose heat to the walls of the cells. 
If two gases haying different thermal conductivities are introduced, 
one into two of the cells (say E^ and Eg), and the other gas into the 
other two cells (Eg and E 4 ), the spirals E^ and Eg "will cool at a 
different rate from Eg and E 4 , and will therefore be maintained at 
a different temperature. The consequent difference in the electrical 
resistance of the spirals w^ill throw the Wheatstone bridge out of 
balance, causing a deflection of the galvanometer G, the extent of 
which depends upon the difference in the conductivity of the two 
gases. The construction is such that changes in the temperature 
of the metal block affect both sides of the bridge equally. If, 
therefore, the cells Eg and E 4 contain a pure gas and the cells E^ 
and Eg the same gas mixed with some other constituent, the extent 
of the deflection will be an indication of the amount of the second 
gas present, and the galvanometer can be calibrated to show 
directly the percentage composition of the mixture. 
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Since the thermal conductivity of carbon dioxide is only about 
two- thirds its value for air the method can be used to measure the 
percentage of carbon dioxide in fine gases. Variations in the 
proportion of nitrogen and oxygen have very little effect on 
the readings^ as these two gases have practically the same thermal 
conductivity. The effect of water vapour is compensated by 
keeping the gases in all the ceils saturated. In practice two of the 
cells are filled with air saturated with, water vapour, and the other 
two are exposed to the gas under test, which is also saturated 
with water vapour at the same temperature. The difference in 
conductivity of the gases in the ceils then depends solely on 
the percentage of carbon dioxide in the gas. For measuring the 
percentage of carbon monoxide and other combustible gases, the- 
fiue gases are caused to pass through a small electric furnace 
wFere they are completely burnt, and a differential katharometer 
is used to measure the increase in carbon dioxide content, 
which depends upon the amoimts of combustible gases originally 
present. 

A typical carbon dioxide measuring outfit consists of an intake pipe 
and soot filter for sampling the fiue gases, connected by a pipeline 
to the metering unit, wliich comprises the carbon dioxide meter 
proper, a bubbler for washing and saturating the gas and an aspirator 
for draw’ing the gas sample from the flue. The metering unit is 
connected electrically to an indicator or recorder and also to a 
source of electric current. 

The katharometer in the liquid air industry. Large quantities 
of liquid air are now produced commercially in order to provide 
oxygen of a high degree of purity, which is extensively used in 
industrial processes and for medical purposes. Other constituents 
of liquid air are also used in industry. In addition to being largely 
used in connection with the manufacture of synthetic ammonia 
and calcium cyanamide, nitrogen is required as an inert gas for other 
purposes. Argon and nitrogen-argon mixtures are employed as 
fillings for lamps and rectifying valves, while helium and neon are 
used in connection with illuminating signs and in various other 
forms of lighting. 

The thermal conductivity method of gas analysis may be readily 
applied to the final commercial products and also at various inter- 
mediate stages in their production. It is primarily important tO’ 


358 A TEXT.BOOK 01 HEAT 

measure accurately the purity of the oxygen derived from the 
liquid air when it is to be used in welding and cutting metals, as 
small traces, say a few tenths of one per cent., of impurity (chiefly 
argon) seriously affect the efficiency of the cutting process. The 
gases issuing from the generator or compressor are cleaned by 
passing through a filter and, if need be, dried by passage over a 
desiccating agent, and measurements are then taken with a standard 
meter using dry air as the comparison gas. The usual range is 
95-100 per cent, of oxygen. If the gas is slightly above atmo- 
spheric pressure it is caused to flow over the meter at a rate of about 
100 c.c. per minute, the rate being controlled by a throttle valve ; 
if the gas is at, or below, atmospheric pressure, or if it is impossible 
to obtain a steady flow, it is necessary to draw it from a vessel of 
large volume by means of an aspirator. A similar method may be 
used to measure the percentage of oxygen in enriched aii*. Com- 
pensation has to be made for the average proportion of argon in 
the oxygen, and, if the purity of the oxygen is not constant, suitable 
corrections have to be applied to the scale reading. 

In the nitrogen obtained from liquid air, the only appreciable 
impurity is oxygen, and, if the nitrogen is to be used as an inert 
gas or in the production of cyanamide, this impurity should be kept 
at a low value. It may be measured by causing the oxygen to 
combine completely with hydrogen added for this purpose, and 
measuring the loss of hydrogen due to the combustion. 

In argon used for commercial purposes, oxygen is usually regarded 
as the objectionable impurity ; lamp manufacturers sometimes 
consider a high proportion of nitrogen to be an advantage. The 
ratio of oxygen to nitrogen in the impurity does not seriously 
affect the analysis for argon, since the difference in the thermal 
conductivities of oxygen and nitrogen is small as compared with 
the difference between the thermal conductivities of these gases 
and argon. The analysis may be made with an unsymmetrical 
meter using dry air as the comparison gas. The meter is balanced 
so as to be independent of current at about the mean argon reading ; 
the normal range is 80-100 per cent, argon. The thermal con- 
•ductivity method may also be applied to various intermediate 
processes in the production of argon. A mixture of helium and 
neon is obtained which is practically free from other gases, and 
the percentage of helium or of neon may be measured with 
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an nnsyinmetrical meter, dry air being used as tbe comparison 
gas. 

Pirani pressure gauge. At pressures below about 1 mm. of mercury, 
the product nl (p. 353) is no longer independent of the pressure, 
because I cannot increase beyond the dimensions of the apparatus. 
The formula h^\ncmCJj shows that, if ^ is constant, k is propor- 
tional to n ; or, the conductivity is proportional to the pressure, 
in this very low pressure region. The Pirani pressure gauge, for 
use in the region of from 1*0 to 0-0001 mm. of mercury, measures 
the rate of loss of heat from a filament carrying a current, the 
measurement being made in the same general way as \dth the 
Latharometer. Its advantage over the McLeod gauge is that it 
can be used to indicate and record rapid fluctuations of pressure. 

THERMAL INSULATION 

One of the chief problems in every-day life is the prevention of 
the transference of heat. There are four main purposes requiring 
good heat insulators. These are (a) refrigeration and cold storage, 
(6) building construction, (c) the lagging of steam pipes, and {d) 
the insulation of furnaces. 

The foliow^ing table, taken from a paper by Ezer Griffiths in the 
Journal of Scientific Instruments (April, 1938) gives a list of some 
of the more important modern heat insulating materials. 


Piirpose 

Material 

Thermal co " ducti vit y 
in British units 

Kefrigeration 

Granulated cork 

0-29 


Slag wool 

0-30 


Aluminium foil 

0-29 


Expanded ebonite 

0'28 

Building 

Light-weight aerated 
concretes, density 



40-100 Ib./cu. ft. 

M-2-8 

Steam pipe 

Magnesia 

0-39-0-91 

lagging ; 

Asbestos 

0-36-0-89 

Furnace insu- 

' Diatomaceous brick. 


lation 

density about 30 ib. 



per cu. ft. 

0-6~l-5 
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The conductivities are expressed in B.Th.U. per hour per square- 
foot per degree Fahrenheit difference per inch thickness (that is, 
dQldt is in B ,Th.TJ. per hour, A in square feet, md ddidx in Fahrenheit 
degrees per inch). These figures should be divided by 2903 to bring 
them to the values in c.G.s. units ; the student should deduce this 
relation for himself. It will be found that for refrigerating materials, 
the value of ^ in C.G.s. units is about 0*0001, while for building 
materials k is about 0*0003-0*001. These figures should be com- 
pared with those for the conduction across still air, which gives 
k =0*00006 c.G.s. units (radiation and convection effects eliminated), 
and with a “ vacuum ” in w^hich a pressure of 10 mm. of mercury 
is maintained betw^een silvered faces, for which the equivalent k is 
0*000002 c.G.s. units. 

In many of the materials listed in the table the effective insulating 
substance is still air, enclosed in small pockets in the porous material : 
for example, the light-w^eight concretes (less dense than water!) are 
effectively bubbles blown with cement instead of soap solution. The 
use of aluminium, itself one of the best conductors, for thermal 
insulation seems surprising ; but it is used in the form of very thin 
foil, which is crumpled up so as to form a large number of very 
small pockets containing still air. The polished surface prevents 
radiation across the pockets, and their small size helps in minimising 
convection in the individual pockets. Aluminium foil is marketed 
under the trade name of Alfol ” ; this material weighs only 3 oz. 
per cub. ft. ; it is used in refrigerated lorries and railway vans. 

The vacuum flask. Dewar JBrst used double- w-alled- glass vessels 
with an evacuated space betw^'cen the walls for the collection and 
storage of liquid air. Heat cannot pass across the evacuated space 
by cither conduction or convection, since both of these require a 
material medium. 

In modem ‘'Thermos ’’ flasks, the surfaces facing the evacuated 
space are silvered. When a hot liquid is placed in the flask, radia- 
tion from the hot inner w^aU to the evacuated space is reduced by 
the silvering, while the silvered outer wall is a poor absorber ; 
hence transference of heat across the space by radiation is also 
reduced. The same considerations apply to the entry of heat from 
the surroundings when the flask contains a cold liquid. If the 
flask contains a hot liquid, it is usually stoppered to prevent loss 
of heat by evaporation. 




VACUUM FLASKS 


Fig 165— Effect of radiation in heat transter across 

All the vessels contain Hqnid air. Of the 

XS’tto Irft.’^lvored on the left half only, shows the same effect. 
Reproduced 

The chief heat transfer which occurs ^ 
he material of the walls of the neck-up the mside round the top 
o the outside. This is reduced by makmg the neck long, or by or. 
larbiaUy filling the vessel. There is no particular reason why the 

S H made «f gta, .»<* by ->bl„g ‘be 

ind the neck longer this exchange by conduction could be made 
ust as smafi for a metal flask. Modem vacuum flasks for stormg 
iquid air are in fact made of copper or steel, with v^ ^ 

these are very much more robust than glass flasfe. The spa^ 
Lween the two walls contains a Uttle charcoal, fastened to the 
« This ohsecoal pocket can jest be «eh m 
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M&producM from the Sclenee Museum Handbook, “ Very Low Temperaf.ures ”, by 
permission of the Controller of B. M. Stationery Office. 

the photograph of a sectioned metal flask in Fig. 166. Although it is 
not clearly shown in the illustration, the charcoal is thus exposed in 
the space between the walls of the vessels, and mt to the liquid inside 
the flask. As charcoal adsorbs gas very efficiently at liquid air 
temperatures, a very high vacuum is maintained in the space 
between the walls just when it is most needed. 

Kapitza devised a double Dewar vessel for storing liquid hydrogen. 
Inside the vacuum space of the hydrogen vessel, but not in contact 
with the walls, was a copper sheath ; this was connected to a bar of 
copper which, emerging through the side of the outer wall through a 
suitable seal, had the other end immersed in a second vacuum flask 
containing liciuid air. By this means, the temperature difference 
against which the hydrogen had to be protected was only about 00 
degrees, instead of something of the order of 280 centigrade degrees. 
The diagram in Fig. 166 gives an idea of the construction of the flask. 


LAWS OF COOLING 




CONVECTION 

Convection is the transference of heat by a heated material which 
moves, carrying its heat with it. It can take place only in iiuids. 
Free or natural convection always takes place vertically, usually 
carrying heat upwards (water below 4° C. is a rare exception), and 
free circulation is necessary for its continuance. 

The transfer of heat by free convection can be explained in a general 
way faiiiy satisfactorily. Consider the case of a hot body cooling 
in air. Heat flows from the surface of the body into the adjacent 
layer of air. The rate of flow of heat per unit area depends on the 
temperature diflerence between the hoAy and the air, and upon the 
thermal conductivity of the air. 

The rise in temperature produced in this layer of air depends 
on the specific heat under these conditions. 

The change in density resulting j5*om this rise in temperature 
depends on the volume coefficient of the air. 

The Archimedes Principle (net) upthrust on this layer of air 
depends on the change in density. 

The upward force on this layer of air accelerates it until it moves 
at such a speed that the viscous resistance to its motion equals the 
net upthrust. The viscosity is thus involved. 

As heated air rises from the surface of the body, a fresh layer of 
cold air moves up to take its place, thus the cooling continues. 

When it comes to the derivation of theoretical formulae, the 
treatment of the problem by any ordinary means is forbiddingly 
difficult. Relations between the rate of loss of heat and the 
various physical constants listed above have been derived by the 
method of dimensions. In forced convection a steady stream of 
fluid is sent past the hot body by external means, and the problem 
is a little simpler. 

Empirical laws of cooling in air, or other gas. When a heated 
body is allowed to cool in the air, all three methods of heat trans« 
ference are of course in operation. But the air is an extremely 
poor conductor of heat, and radiation is chiefly important for large 
temperature excesses, so that the chief means by which heat is lost 
at moderate temperatures under ordinary conditions is by convection. 

Still-air cooling is neural convection ; tentilated cooling in a 
draught is forced convection. For ventilated cooling, in a constant 
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current of air, Newton’s Law of cooling is satisfactory for all 
temperature excesses. That is, for ventilated cooling in a draughty 
the rate of loss of heat is proportional to the temperature difference 
betiveen the body and, the surroundings. 

In the usual sjunbols, Newton’s Law of cooling is written 

For temperature excesses greater than a few centigrade degrees, 
the formula is appreciably inaccurate in still air, as might be expected. 
But in a rapidly moving current of gas it holds up to high temperature 
excesses, for example, for a motor-cycle cylinder. 

The admirable experiments of Duiong and Petit, described in 
full in Preston’s Theory of Heat pp. 502-512, and there com- 
mended as '' one of the most elaborate series of experiments ever 
conducted ” resulted in satisfactory empirical formulae for cooling 
which take into account both radiation and convection in a still 
enclosed volume of gas. Their method w^as to observe the rate of 
cooling of a thermometer exposed under various conditions, in a 
large copper globe surrounded by a bath at a known fixed tempera- 
ture. 

First, a set of experiments was done with the globe evacuated. 
The rate of fall of temperature was then due to radiation alone. 
The formula found was Vi^Jc (a^ - 

where Fi is the rate of fall of temperature, Jc a constant, which 
depended on the nature of the surface, a a constant (the same for 
aU surfaces), and 0 and 6q the temperature of the thermometer and 
that of the enclosure. 

Next, a series of experiments was done with different gases at 
different pressures in the globe. Allowance was made for the 
cooling due to radiation, which should be the same at a given 
temperature, whether the space is a vacuum or whether it contains 
gas. When this allow’-ance was made, the formula deduced for 
convection alone was 

where p is the pressure of the gas, m and c are constants which have 
different values for different gases for air), but are always 

the same for the same gas, B and B^ have the usual meanings, and 
the index 1*233 is the same for all gases. 
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The full expression for the rate of fall of temperature due to both 
convection and radiation is thus 

V - T/\ + = h (a^ - a^o) +mp^d- 

The greatest temperature difference employed was about 3^Xl 
centigrade degrees. 

We are interested in the formula = ~ which 

will be wTitten, in terms of the rate of loss of heat, — == -k($- 

at 

w’here h is constant for a given body in a given gas at a fixed 
pressure. 

Preston states that the Dulong and Petit convection formula 
has no theoretical basis, being simply an empirical formula of wider 
range than Newton’s. But Lorentz showed theoretically in 1881 
that the rate of loss of heat by convection should be proportional 
to {6 - or (d - "which is not far from the (0 - 

Dulong and Petit. Further, Langmuir, investigating the cooling 
of fiat discs in still air, found experimentally that the rate of loss 
of heat was given by the formula 

There is thus good evidence, both theoretical and experimental, 
for believing that the true law of cooling for natural convection is 
given by this expression, which is often called the Five-fourths Power 
Law. 

To sum up, the convection laws are : 

Forced convection in a strong draught : Newton’s Law of Cooling, 
namely, rate of loss of heat cc temperature excess. 

Natural convection in still air : Five-fourths Power Law, namely, 
■rate of loss of heat cc {temperature exces$)^l^. 

It is customary to use Newton’s Law of cooling to correct for the 
heat lost in calorimetry experiments, although the calorimeter is 
carefidly screened from draughts. It is hard to believe that generations 
of experimenters would have countenanced the use of an approxima- 
tion which is unsatisfactory in practice ; the truth is probably that 
an error in a small correction is often unimportant. Large tempera- 
ture excesses for which the law is known to be unsatisfactory are 
simply avoided in elementary work, while in accurate work the exact 
rate of cooling should be observed and not computed. 
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What orde;r pf error is made in using K’ewton’s Law instead of the 
Five-fonrtlis Power Law for still-air conYection cooling for tempera- 
ture excesses of 10, 20, and 30 degrees, for a given fixed value of I'? 

whence Newton’s Law gives M per cent, of the true 
cooling. 

20^^^==42-3, whence Newton’s Law gives 47 per cent, of the true 
cooling. 

305/^ = 70*2, whence Newton’s Law^ gives 43 per cent, of the true 
cooling. 

The difficulty is investigated by C. W. Hansel in “ Proceedings 
of the Physical Society ”, voL 54, p. 162 (March, 1942). He states : 

'' Textbooks of physics often state Newton’s Law of cooling as 
follows : 

' The rate of cooling of a body is proportional to its excess tem- 
perature above the temperature of the surroundings, provided that 
this excess temperature is small.’ 

According to this statement, Newton’s law is not a law at all, * 
All that is asserted in this statement is that a short enough part 
of the cooling curve (i.e. here the graph of rate of cooling against 
temperature excess) is straight. This is necessarily true, whatever 
the shape of the curve.” 

One thing is quite certain. Whether or not it is legitimate to use 
Newton’s law in the cooling correction in calorimetry as an approxi- 
mation, it is not permissible to use a cooling calorimeter to demon- 
strate Newton’s law unless there is forced convection. 

Film theoiy of cppJmtg by convection. The problem of convection 
is complicated by the fact that the heat eventually convected away 
has, in the first place, to reach the fluid stream by conduction. 

It is believed that the whole surface of the cooling body is covered 
by a thin layer of stagnant fluid adhering to the wall. The differ- 
ence between forced and free convection is that this film is more or 
less continually wiped off and renewed with forced convection if the 
speed of the fluid curr^t is great enough to cause turbulent motion, 
while with free convection it is more or less permanent. What 
happens to the heat after it has escaped by conduction through this 
film is only part of the problem, which starte with the study of con- 
dnotion through the film. 

According to this theory, the fommia for the rate of loss of heat 
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from the surface can be expressed by a ' conduction equation^” 
of the form dfO 

where is called the “ surface coefficient and the other symbols 
haTe 'their usual meanings. 

Investigation by the method of dimensions shows that for forced 
convection /r is independent of the temperature excess {6 -Bq), so 
that New'ton’s Law should be obeyed. The formula obtained for h 
is called Nusseltis equation, and is 


k 




w’here k is the thermal conductivity of the fluid, D a length {the 
diameter in the case of a flat disc), r] the coefficient of viscosity of the 
fluid, F the velocity of the fluid past the surface, the specific 
heat at constant pressure, p the density of the fluid, and O, 6, d 

f^yp\ ,• 


are constants. The expression 


is the w^ell-known Eeynolds’ 


Number which is involved in many fluid-flow problems. This type 
cf general formula is applicable to all fluids, liquids as 'well as gases. 

Now, in forced convection V is constant. In free convection V 
is determined by the density changes of the fluid, w'hieh are them- 
selves determined by the temperature excess. Hence h is not 
independent of the temperature excess. It has been shown that 
the formula for A with free convection should be h^X{d 
wffiere A is an expression independent of the temperature excess, 
whence 

Different conditions seem to apply if the cooling surface is very 
large, as this affects the extent of the turbulence of the fluid stream. 
For very large surfaces it appears that A is proportional to ~ 
whence the rate of loss of heat by free convection is proportional to 

This section is based on the chapters on Convection in Brown 
and Marco’s “ Introduction to Heat Transfer ” (McGraw-Hill Book 
Co,, Inc.). A further account of the application of the method of 
dimensions to convection problems is given in Appendix I. 
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RM)IATION 

Radiation was defined by Maxwell as the transfer of heat from 
a hot body to a cooler body without appreciable heating of the 

intervening space. 

It is now known that thermal radiation, or radiant heat 
is a means of transferring energy by transverse electromagnetic 
waves, and is similar in nature to light, radio waves, ultra-violet 
rays, and, X-rays. • , ^ ' 

It is difficult to imagine the propagation of waves without a 
medium, and it is stiU usual to speak of all these waves as waves 
in the ether, which is regarded as a medium pervading all space. 
Xo direct evidence for or against the existence of such an ether has 
ever been obtained, and it is believed that it is impossible to obtain 
such evidence. It is also hard to picture transverse waves spreading 
out in ail directions in space. This difficulty can be overcome for 
the present purpose by considering the simplest possible case of 
a transverse wave, such as a wave along a string. 



Fig. 167 represents a portion of an extremely long string, one end 
of wiich is executing a linear simple harmonic motion in the plane 
of the paper at right angles to the line XY, If this end executes 

V complete vibrations per second, then in each second v complete 
waves are propagated along the string, with a constant velocity v ; 

V is called the frequency of the wave motion. The ivave-length A is 

the distance between two corresponding points on adjacent waves, 
such as AA\ or CC'- Considering any one second, the wave 
which is started at the beginning of this interval has travelled a 
distance v by the end of the second, and the space behind it contains 
the V waves each of wave-length A which have been started during 
the second. Hence, t? = vA, or This expression is true for 

aU types of waves. 

All electromagnetic radiations travel in free space with the same 
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velocity, the value of which is nearly 3 x 10^® cm. /sec.— the velo- 
city of light This is denoted by the symbol c, so that the relation 
between wave-length and frequency is v=c/A. 

In optics, white light is dispersed by a prism or other means into 
a spectrum with the colours arranged in increasing wave-lengtlis 
from violet (A=:4 x i0~s cm.) to red (A = 8 x 10-^ cm.). This 
spectrum is only a small fraction of the total range of electro- 
magnetic waves, which extend from the y-rays of artificially 
radioactive bodies (A == 10“^^ cm.) to the long- wave radio transmitter 
(A = 2000 metres). For radiations in and close to the visible 
spectrum, wave-lengths are expressed in terms of the Angstrom 
unit (A.U.) ; 1 A.U. = 10~^ cm. Longer wave-lengths are usually 
expressed in terms of the micron jjl ; l/i = 10~^ cm. 

The characteristic properties of the different types of rays or 
waves are due to differences in frequency or wave-length. 

Suppose that, by means of suitable non-ahsorbing prisms or 
gratings a complete spectrum of sunlight as received at the surface 
of the earth can be cast on a screen. The familiar succession of 
colours is observed — ^red, orange, yellow, green, blue, indigo, violet 
— in order of decreasing wave-length. A sensitive thermal detector 
moved along the coloured portion shows that the screen is receiving 
heat as well as light. If the instrument is moved beyond the red 
end of the spectrum, it indicates strong reception of heat, showing 
that there is an invisible extension of the sun’s spectrum beyond 
the red end ; this is known as the infra-red region. The same 
instrument shows that the heating effect extends beyond the violet 
end of the spectrum, into the ultra-violet. Whenever any radia- 
tion, visible or invisible, is absorbed, heat is produced. 

This statement is true even at the extreme limits of the complete 
electromagnetic spectrum, though in general only part of the 
energy of the radiation is so converted. Radio waves when 
absorbed by an aerial induce currents in it ; and whenever a current 
flows in a conductor, heat is produced. Beams of y-rays of knovm 
intensity have actually been used as standard heat supplies in 
calorimetry experiments at very low temperatures. But, while 
radiations from all parts of the spectrum may generate heat w^hen 
absorbed, we shall be thinking chiefly of infra-red radiation in this 
chapter. Two reasons for this are, that the chief radiation emitted 
from most practical sources of heat is in the infra-red, and that other 
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radiations such as X-rays and 'radio waves have remarkable dis- 
tinctive properties which make their heating effects of trivial 
interest. 

Is radiation or radiant heat a mw form of heat, or merely a special 
means of transferring heat? Planck, in his “ Theory of Heaf 
stresses the dual nature of the problem, distinguishing between 
''radiant heat^’ and heat in bodies’’ (or sensible heat). He 
points out that the emission of radiant heat occurs by the con- 
version of heat of the emitting body into radiation, while the recon- 
version of radiation to '' heat in a body ” requires the absorption 
and annihilation of the radiation. 

The point may be further emphasised, in that the heat in a 
body is regarded as the total energy of the oscillating or random- 
moving particles which compose it, while radiant heat as energy 
propagated through space with the speed of light. To use a 
somewhat loose analogy, if we regard the energy of the electric 
charges executing oscillations in the electric circuit of a small radio 
transmitter as corresponding to heat in a body^ the energy radiated 
from the aerial corresponds to radiaM heat ; when this radiation is 
absorbed by a conductor, it is transformed again into an oscillating 
current or particle movement in the conductor. 

We are chiefly concerned with the transfer of heat from one body 
to another in practical problems ; that is to say, with the emission 
and absorption of the radiation rather than with the intervening 
radiation stage itself. 

Optical properties of infra-red radiation. Infra-red radiation, 
like light, travels in straight lines in a homogeneous medium. On 
a hot summer day, a person in the shade is out of reach of the sun’s 
heat as well as shielded from its direct light. 

Infra-red radiation follows the ordinary rules of photometry, 
which depend on the rectilinear propagation of light. That is, 
the intensity of the radiation received on a screen from a small 
source varies inversely as the square of the distance from screen to 
source and is proportional to the cosine of the angle of incidence 
on the screen. 

Infra-red radiation travels in empty space with the same velocity 
as light. When eclipses of the sun occur, the heat is cut off at the 
same instant as the light. 

Many materials which are transparent to light are transparent 
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to the near infra-red ; that is, waTe-lengths np to about o/x. Ordin- 
ary glass transmits to 3/i, fluorite to .9p,, rock salt to 15/x» On the- 
other hand, some bodies, such as a solution of iodine in carbon 
disulphide, while quite opaque to Tisible light, transmit infra-red 
radiation well. 

Infra-red radiation is reflected and refracted according to the 
same laws as light, though the refraetiye index of transparent 
substances is less than for the yisible part of the spectrum. Hence 
the use of concaTe mirrors and burning glasses to focus the sun’s 
rays. 

Infra-red radiation, like light, is absorbed by dark, rough surfaces, 
and reflected by light, smooth surfaces. It shows the phenomena 
of interference, diffraction, and polarisation, which indicate that it is 
a wave motion of a transverse t 3 q)e, as is light. The radiation also 
affects suitable photographic plates, sensitised by being bathed in 
certain dyes, and affects a caesium photocelL 

It is thus concluded that radiant heat, or infra-red radiation, is 
really a method of energy propagation of the same nature as hght, 
the only real difference being that the human eye is not sensitive 
to this range of wave-lengths ; or, to put this in another way, 
infra-red is a colour ” to which everyone -is colour blind 

Detection of infra-red radiation. The instruments described 
below are those chiefly used for demonstration purposes. Accurate 
quantitative instruments are described later. 

As has already been mentioned, a thermometer with a 
blackened bulb may be used to detect thermal 
radiation. 

The ether thermoscope (Fig. 168) has two bulbs, 
the lower of which is blackened. The space 
above the ether column in each bulb contains 
saturated ether vapour, A small rise in tempera- 
ture in the neighbourhood of room temperature 
causes a considerable increase in the s.v.i^. of 
ether. Hence, when the blackened bulb is 
exposed to radiation, which it absorbs, the re- 
sulting increase in s.v.p. sends the ether up 
the tube. Changes in the temperature of the 
surroundings affect the s.y.F. in both bulbs ^ 
equally. Ether thermoscope. 



372 


A TEXT-BOOK OF HEAT 


The Crookes^ radiometer (Fig, 169) is also a 
•useftil demonstration tool. A light 
with four vertical vanes of mica is monnted to 
spin on a vertical axis. One face of each vane 
is blackened, and the blackened sides all face 
the same way round. The glass enclosure is 
exhausted to a pressure which is so low that 
the mean free path of the air molecules is con- 
siderable, but which is not an extremely low 
pressure. The blackened faces absorb radiation 
€rooke^'"mdioiiQeter. better than the polished faces and so, as mica 
is a poor conductor of heat, the black faces 
are always hotter than the polished faces. Hence, molecules 
striking the black faces rebound with an average velocity greater 
than that for the. polished faces, and the reaction causes the mill 
to spin round with the polished faces leading, A simple analogy to 
this part of the action is the '' Catherine wheel for as the pressure 
is so low that the rebounding molecules travel some distance before 
colliding with other molecules, the efiect is as if there were a con- 
tinuous stream of hot gas coming from the blackened faces. 

The thermopile (Fig. 170) consists of a set of thermocouples 
■connected in series. The “ hot ” junctions are blackened and 
exposed to the radiation, while the cold '' junctions are covered 
with a heavy metal cap. The thermopile 



is connected to a sensitive galvanometer 
which should have a resistance approxi- 
mately equal to that of the thermopile. 
The usual type employs antimony-bismuth 
couples. 

The differential air thermometer (Fig. 171) 
consists of two equal closed bulbs G and D 
containing air at ordinary pressure, connected 
by a U-tube which serves as a liquid mano- 
meter. Bulb D is blackened, while G is 
clear. Both bulbs are affected equally by 
changes in the temperature of the surround- 
ing air, so any difference between the levels 
A and B can only be due to the absorption 
of radiation by D. 


HOT 



Fig, 170. 

Scheme of thermopile. 
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Using a smaU electric bowi iSre as a source, 
and any of tbe above as a detector, simple 
demonstrations can be devised to show that 
radiant heat travels in straight lines, obeys 
the law of inverse squares, obeys the laws 
of reflection at plane surfaces, is focused by 
concave mirrors and convex lenses, is trans- 
mitted to a considerable extent by a thin sheet 
of glass, and is absorbed strongly by a ceil 
containing a few centimetres of water. It may 
also be shovn that the radiation from an iron 
ball, heated to just below red heat, is absorbed 
by glass much more markedly than that from 
the much hotter electric fire, indicating that the radiation from 
sources at different temperatures may differ in quality as well as 
in intensity. 



Fig. 171. — Differential 
air thermometer. 


RADIATING POWERS OF DIFFERENT SURFACES 

(a) Leslie’s Cube. Different surface finishes are applied to the 
four vertical faces of a cubical tin box. Face 1 is made a dull 
black with lamp black, face 2 is coated with black enamel, face 3 is 
painted a dull white, while face 4 is brightly polished. 

Water is maintained steadily boiling in the cube, and a thermopile 
or some other radiation detector (screened from the direct radiation 
of the bunsen under the cube) held at exactly the same distance 
from the centre of each face in turn. The observations show that 
face 1 is radiating strongly, faces 2 and 3 slightly less strongly, and 
face 4 very feebly. All the four faces under test are at the same 
temperature, and considering the two extremes 1 and 4, the experi- 
ment shows that a dull black surface radiates much more strongl}’' 
than a polished silvered surface. We know that a blackened surface 
absorbs radiation strongly, and a polished silvered surface absorbs 
only a fraction of the radiation faffing on it. 

Hence, a dull blackened surface is a good emitter and a good 
absorber ; a silvered polished surface is a bad emitter and a bad 
absorber. In general, for all other types of surface, good absorbers 
are good emitters, and bad absorbers are bad emitters. 

In spite of the evidence of this experiment, people often find it 
hard to beMeve that a poHshed surface is a bad emitter. Why is the- 
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poHsiied- metal reflector used behind the element of an electric fire, 
if not for the purpose of emitting radiation? The point here is, 
that the polished surface, just because it is a poor absorber of radia- 
tion, reflects most of the radiation falling upon it. To use an 
analogy, the Bugby three-quarter with a good pair of hands will 
be a good absorber of passes and also a good emitter ; the clumsy 
player who habitually reflects the ball from his chest or his chin 
is a good reflector of passes, but a bad absorber and a bad emitter. 

This '' passing ” analogy is perhaps closer than at first appears. 
;For a surface is a boundary wiich faces inwards tow^ards the body 
.as well as outwards towards the surrounding medium, and the 
generation of the radiation emitted from a body must take place 
within the body itself. At all temperatures, all parts of a body are 
oscillating and generating radiation. A blackened surface is at one 
•and the same time absorbing the heat radiated from within the body 
and passing it outwards, while a polished surface reflects back 
into the body the radiation which strikes its inner surface, absorbing 
little so that there is little available to be passed out. 

(6) Eitchie’s experiment. The two bulbs X and 7 of a differential 
■air thermometer are made in the form of two horizontal metal 
^cylinders with flat end faces (Fig. 172). One face P of 7, is silvered, 
and one face, of X, coated with a dull black. A third cylinder, 


Z, also with one flat face blackened and the other polished, is 
placed midway between the two bulbs, so that its polished side 
faces a blackened bulb, and its blackened side faces a polished bulb. 
The liquid index remains steady, showing that the rates at which 
X and 7 receive radiation are exactly the same. This can be 

explained as follows. 



g p Let be the energy emitted per 

jj 1 1 second by the blackened face, E^ that 

; i for the polished face. Let be the 

X : Z : ^ fraction of the incident radiation 

i ; absorbed by the blackened face and 

L J *1 ‘L -J that by the polished face. 

y jj For X, the energy emitted by the 

I ‘I polished face of the can Z per second 

I I is Of this, a certain fraction a 

(dependuig Oil tho scparatioH of the 
IFig. 172 . — ^Ritchie's experiment, faces) strikes the face of X, so that 
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the energy :meideiit on. X per second is aEi. , A, fraction' 
is absorbed, so the rate of reception of energj^ by X is aMiA^A 

For J, the energy emitted by the blackened face, of the can Z 
per second is Xg, the fraction of this striking the polished face, of Y 
is and the fraction absorbed by Y is ; so the rate at, which 
y receives energy is aE^Ai. 

But the two bulbs are receiving energy at the same rate, so 

aE^^At^^'^ ocE ^A.-^, 

• db nr 

That is, the emitting power of a surface is proportional to its 
absorbing power. 

The quantity E has not been defined precisely here ; obviously 
its value depends on the areas of the surfaces and also the tempera- 
tures concerned ; but the matter will be put in a more precise way 
shortly, when this important relation is deduced theoreticahy. 

Prevostls theory of exchanges. Consider a non-conducting en- 
closure, with walls at a definite temperature, into which are placed 
several bodies A, B, G, of different materials and surfaces, and at 
different temperatures (Fig. 173). Suppose that heat interchange 
between these bodies takes place by radiation only, and that the 
medium surrounding them is perfectly diathermanous, or transparent 
to radiation. Suppose that at first A is at a high temperature, B 
at a moderate temperature, and (7 at a low temperature. After 
sufficient time from the start has passed, the whole of the walls and 
contents of the enclosure will have reached a steady uniform 
temperature. 

At first, A loses heat by radia- 
tion to B, C, and the walls ; B 
gains heat by radiation from A, 
and loses heat to G and the walls. 

But we cannot suppose that 
the radiation from B is emitted 
only in such a direction that it 
shall select cooler bodies to fail 
on. During this process, B is 
emitting heat to A as well as to 
the rest of the enclosure ; the 
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tempsmtnre of B rises because it gains more beat by radiation than 
it loses. , , 

When a uniform temperature is reached, the process of radiation 
does not stop. Each body is radiating to all the other bodies and 
the walls, and each body is absorbing radiation from all the other 
bodies and from the walls. All the bodies and the walls are at a 
constant temperature, because each part is in a state of d^mamic 
equilibrium, absorbing in any interval of time exactly as much 
radiation as it emits during that interval. There is continually a 
constant stream of radiation from point to point in all directions 
in the enclosure. 

Now consider the bodies individually, and suppose that A is 
black, B highly polished, and C a substance which can absorb only 
radiation of one particular wave-length. The body A absorbs ail 
the radiation falling on it ; it must therefore emit radiation strongly 
at exactly the same rate as it absorbs it, or its temperature will 
rise. The body B absorbs very little radiation ; it must emit 
radiation feebly, at exactly the same rate as it absorbs it, or its 
temperature will fall. The body C can only absorb radiation of a 
particular wave-length ; it must radiate at exactly the same rate 
as it absorbs, and its radiation must take the form of this particular 
wave-length, for if it did not, the radiation in the enclosure would 
become more and more deficient in this wave-length, and the 
temperature of C would fall for lack of the only radiation it can 
absorb. 

Hence, in a uniform temperature enclosure, each body in any 
interval of time radiates exactly as much energy of exactly the 
same kind as it absorbs during that interval. Bodies contained in 
the enclosure thus have no effect on either the kind or the quantity 
of the radiation streaming to and fro in the enclosure, and the same 
must be true of the walls of the enclosure. 

Therefore the quantity and kind of radiation within a uniform 
temperature enclosure do not depend on the nature of the materials 
it comprises or contains, and depend only on the temperature of the 
enclosure. We can thus speak of the radiation within such an 
enclosure as “ temperature radiation ”, or ‘‘ full radiation ”, 

This line of reasoning, with the idea of a state of dynamic equili- 
brium, is known as Prevost’s Theory of Exchanges, 
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■ THE BLACK BODY 

' Bodies . black surfaces have this appearance in ordinary 

light because they absorb all the wave-lengths of the visible spec* 
trum. We do not usually speak of shades of black, but if the term 
'' blackness ’’ is used to mean absorbing power/’, we can distin- 
guish between degrees of blackness, ranging from that of a sheet of 
polished black glass to that of powdered charcoal or black velvety 
and it is clear that to obtain the greatest blackness, the surface 
besides being made of suitable material should be rough, with 
irregularities which are large compared with the wave-length of the 
light concerned. There is one further requirement, and that is 
that the surface must be of appreciable thickness. 

In physics, the term black body is used with a definite meaning, 
to denote a perfect absorber of ah radiations. 

A perfectly black body, which shall absorb ail kinds of electro- 
magnetic radiations completely, is extremely difficult to picture, 
but we exclude the extreme regions of the full spectrum here, and 
consider only ultra-violet, visible, and infra-red radiation. Even 
here, for the longer wave-lengths, it is difficult to find surfaces 
which, besides satisfying the other conditions, are rough enough. 

But a perfect absorber for the range of radiations we are considering 
can be manufactured. A cavity in the form of a hollow sphere, 
with the inside coated with rough black material, and with a small 
hole in the surface for the admission of radiation, will absorb the 
whole of the radiation falling on the hole (with the exception of a 
very small amount indeed, depending on the size of the hole, which 
may be reflected out). Such a cavity may be regarded as a per- 
fectly black body. 

As a perfectly black body is the most perfect absorber of radia- 
tion, it must also be the most perfect emitter. The radiation 
proceeding from such a cavity for any temperature of the wails is 
cahed the black body radiation or cavity radiation for that temperature. 

Now suppose that a perfectly black body is contained in a uniform 
temperature enclosure. It absorbs all the radiation falling on it, 
and the intensity and kind of radiation it emits is exactly the same 
as the intensity and kind of radiation it absorbs. From this we 
conclude that the radiation within a uniform temperature enclosure 
itself is exactly the same in intensity and kind as the radiation 


378 A TEXT-BOOK OP HEAT 

..absorbed and emitted by a perfectly black body at the same 
temperature. Further, as the 2*adiatioii within the enclosure 
depends only on the temperature, the intensity and kind of 
the radiation fro,in a perfectly black body depends only on its 
.temperature.. ■ 

Hence, when speaking of this particular intensity and kind of 
radiation, which depends solely on the temperature of the radiator, 
■it'' is referred to as the . ■ 

temperature radiation, 
full radiation, 
cavity radiation, or 
black body radiation 

INTENSITY OF RADIATION 

In speaking of the emission of energy by radiation from the surface 
*of a body, we can consider either : 

{a) the total energy emitted per square centimetre per second, 
which is the total emissive power e for that particular temperature, or 
(6) the energy emitted per square centimetre per second within a 
finite wave-length range between wave-lengths A and A + dA, which 
depends on the size of the wave-length interval dX itself, and is 
‘expressed as e^dXy where is called the emissive power for wave- 
length A, (The term emissive power, e, should not be confused with 
•emissivity as defined for other purposes on p. 330.) 

For unit area and imit time, the total energy of the radiation of 
all wave-lengths is e, while the energy between A and X-^dXh dX. 
‘Clearly e is the sum of all the terms e^dX for all the wave-lengths 

concerned, so that e-Ue^dX, or e== le^dA for a continuous range 
•of A^^. ^ 

The capital letter symbols JS and will be used instead of e 
and when referring to a perfectly black body. 

Now, the radiation in a uniform temperature enclosure is travel- 
ling through the enclosure and is therefore contained within the 
:space of the enclosure. This space is therefore the seat of a certain 
fixed quantity of energy at any temperature. To find a meamng 
for the term “ intensity of radiation in an enclosure ’h consider the 
Tadiant energy per unit volume, or energy density u. 

Consider one square centimetre of a perfectly black surface 


1 for that temperature. 
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within such an enclosure, and suppose for simplicity that it emit ft 
aU its radiation norniali 3 ^. The total energy emitted iioi’iiially in 
one second is thus E, The velocity of the radiation is c. So the 
total energy emitted from the surface in one second, supposing that 
it travelled unimpeded, would fill a cylinder of length c cm. and 
cross-section 1 sq. cm., that is, a volume c c.c. The energt^ in 
1 c.c. of the medium is thus Eic if this is ail that happens. 

But in the uniform temperature enclosure, radiation is proceeding 
towards the surface as fast as it is lost from it, hence, as the same 
space contains both streams of radiation, the total energy density 

■ ■ . ..■■■■, ■ 2E " ■ ■ ' '■■■■' 

should be twice that calculated : that is, 

c ■ , ^ 

Now” the surface actualty radiates in aU directions, and the proper 
calculation (which will not be attempted here) takes this into 
account, and shows that the result should be multix)lied by a 
factor 2. 

Thus, the total energy per c.c. of the enclosure is 

4tE 

«=— ; 

while, for the range A to A + dA, the energy per c.c. is 
II dX^ — 


The relation between the u's and the E\ is thus 


E-- 


au cuj, 


As the are proportional to the E's, the same laws of variation 
hold for both and either may be used to denote the '' intensity ’’ of 
the radiation concerned. The word intensity as applied to radiation 
from a surface means the appropriate emissive power, E, e, or 
E^ dX, 6), dX ; as applied to an enelostire containing radiation it 
means the appropriate energy density u or %dA. 

Emissive power and absorptive power. Kirchhoff’s Law. Con- 
sider a body of any type of surface at equilibrium in a uniform 
temperature enclosure. The energy emitted per square centimetre 
per second in ah directions between wave-lengths A and A-^dA is 
dXj where is the emissive power of that surface for that particular 
wave-length and temperature. 
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Let the energy falling on unit area per second within the same 
w^ave-length limits be dQ^ which depends only on the temperature 
of the enclosure. 

Let the fraction of the incident energy absorbed between the 
wave-lengths A and A 4- dA be % is called here the absorptive 
power of the surface. The total energy absorbed by unit area per 
second is thus 

As the temperatnre of the body is constant, the rate of emission 
of energy equals the rate of absorption, 

e^dX^a^dQ. 

* “ dA* 

As dX is a chosen fixed interval, and dQ depends only on the 
temperature of the. enclosure, the right-hand side of this equation 
must be constant. 

So, whatever the nature of the body, the ratio is constant. 

If the body happens to be a perfectly black body, we write jEJj^ 
for the emissive power, and the absorptive power is 1. So, 



Hence, at any given temperature, the ratio of the emissive 'power 
of any body for any wave-length to its absorbing power for that wave- 
length thit temperature is constant, and is equal to the emissive 
power of a perfectly black body at that temperature. 

This statement is known as Kirchho ff*s Law. 

The ratio e^jE^ is often referred to as the emissivity (a term which 
is also used with another meaning on p. 330). 

As emissivity as here defined is equal to the ab* 

sorbing power. 

Ex increases as the temperature rises ; hence it is important to 
realise that Cxjux increases as the temperature rises, and is only 
constant in the sense that it has the same value for ail kinds of 
surface at a fixed temperature and wave-length. 

An ideal surface for which ax is constant for all wave-lengths 
(though not equal to unity) that is, for which is exactly the same 
fraction of Ex at all wave-lengths, is called a grey body. 
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KIRCHHOFF’S LAW 

Experimental tests of EircKhoff's Law*. Is it possible to verify 
Kirchhoff’s Law' directly?^' The conditions of the a.rgttOTe??i, • a 
uniform temperature enclosnrej are closely reproduced in the heart 
of a good fire, or inside a long cylinder of graphite raised to red heat 
electrically. Bodies of different kinds placed inside such an 
enclosure become indistinguishable from the background, showing 
that they compensate exactly for the quantity of each radiation 
they absorb, by the quantity they emit ; so the law holds within a 
uniform temperature enclosure. 

But the law as deduced does not demand that the body shall 
necessarily be in equilibrium in such an enclosure. How does it 
apply, say to a piece of red glass at air temperature, exposed to 
white light? The glass appears red because it absorbs green light 
strongly. Why does it not emit green light^^s^^i;^^?^^^ 
that if such glass is heated to incandescence it appearsgreenV a 
statement on which the student would do well to reserve his opinion 
until he observes for himself the appearance (or non-appearance) of 
this effect ; but w^hat happens at red ( ?) heat has nothing whatever 
(at^ least directly) to do with Kirchhoff’s Law as applied at air 
temperature. The facts surely are that at air temperature is 
infinitesimally small for green light, and is also infinitesimally 
small, but approximately the same in value as Hence the 
ratio e^jE), gives a finite value w’-hich is approximately equal to unity, 
the value of The popular misunderstanding of this and other 
similar points is probably due to confusion between the emissive 
power and the emissivity eJE^. 

The green radiation absorbed in this case must, of course, be 
converted into sensible heat ” ; and when the red glass is at a 
steady temperature, heat is being radiated as fast as it is absorbed, 
but in the form of long infra-red radiation, for which E^ at air 
temperature is appreciable. 

It must be remembered that Kirchhoff’ s Law is a quantitative 
law, and attempts to apply it qualitatively are useless without some 
idea of the relative sizes of the quantities concerned. 

The best-known illustration of Kirchhoff's Law is the famous 
line-reversal experiment of Kirchhoff and Bunsen. A source of 
'white light is viewed through a sodium flame by means of a spectro- 
scope. Two fine dark lines are observed in the continuous spectrum, 
in exactly the same position in the spectrum as the bright yellow 
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lines emitted by sodium. Absorption, given by the relation 
occurs for just these two closely adjacent wave-lengths 
for which is large. For all other wave-lengths at this temperature 
6;^ is zero, and so is zero. 

RADIATIOIsr MEASUREMENTS 

1, The bolometer. This is really an extremely sensitive platinum 
resistance thermometer, of very low thermal capacity. The original 
form, due to Langley, consists of a grid made of very thin platinum 
foil, blackened to absorb radiation. This grid forms one arm of a 
Wheatstone bridge, wLile a similar compensating grid, not exposed 
to radiation, is placed in the opposite arm.. With this compensating 
grid, changes in the temperature of the surrounding air should cause 



Fia. 174. — Bolometer grid. Fig. 175. — Connection of bolometer 

grids in bridge circuit. 

no appreciable effect on the balance of the bridge. In an improved 
form due to Lummer and Kurlbaum, four grids are used, and con- 
nected one in each arm of the bridge (Figs. 174 and 175). Changes 
in room temperature are thus completely compensated, and the 
tw^o heated strips double the effect of the radiation. The whole 
is surrounded by a well-lagged box to maintain the temperature 
constant, the radiation being admitted through a small aperture 
in the box. 

This instrument was used by Lummer and Kurlbaum in their 
investigation of the distribution of energy in the spectrum of a 
black body. It gives extremely accurate relative measurements. 
For spectrum work the actual bolometer strip is a single narrow 
strip of platinum instead of a grid ; this is called a Imeax bolometer^ 
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The bolometer has also been adapted for the absolute measnreaierit 
of radiation. The rate at which electrical energy must be Gnpplieri 
to the nnexposed strip to balance the supply by radiation of energy 
to the exposed strip is measured. 

2. Callendar’s Radio-balance (Fig. 176). This enables absolute 
measurements of the received radiation to be made by neutralising 
the heating due to the absorption of radiation by the cooling caused 
by the Peltier effect at the junction of a thermocouple. The thermo- 
couple is essentially a heat engine, with the hot Junction as source 
and the cold junction as sink ; the thermo-electric current itself 
causes abstraction of heat at the hot Junction and liberation of heat 
at the cold junction, and an externally supplied current similarly 
heats one junction and cools the other. This is the Peltier efiPect. 

The apparatus consists of two copper cups, 3-5 mm. in diameter 
and 10 mm. deep, which are connected by a differential copper- 
constantan thermocouple with one junction soldered to the bottom 
of each cup. This thermocouple is connected in a circuit containing 
a battery rheostat i?, and ammeter A, so that a measured current 
can be passed through the couple. Connected to the two cups are 
two other separate sets of thermocouples (or thermopiles) FC, which 
are shown detached in the diagram for the sake of clearness ; these 
are connected to a sensitive gal- 
vanometer Q. 

When radiation is allowed to 
fall on one of the two cups, a 
current is passed from B until 
G shows no deflection. The two 
cups are then maintained at the 
same temperature- The exposed 
cup is (a) heated by radiation, 
and (6) heated by the Joule 
heating effect, and (c) cooled by 
the Peltier effect at the junction. 

The other cup is (a) being heated 
by the same Joule heating effect, 
and {h) being heated by the 
Peltier effect, which at this junc- 
tion causes the liberation of heat. 176, — Callendar’s radio«balanca. 

The reading of A is observed. By cmrtmf of ths Cambridge 
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The radiation is then made to fall on the other cnp, the previously 
exposed cup being screened, and a second set of readings taken. 
The mean of the two current readings is found. 

The intensity of the radiation in ergs per sq. cm. per second is 
calculated as follows. When a charge q coulombs passes through 
a thermocouple, the heat evolved at one junction and absorbed 
at the other is irq joules, where tt is called the Peltier coefficient 
for the couple, and is here expressed in volts. 

The difference betw'een the heats evolved at the two junctions is 
thus 27rq joules. As the charge in coulombs equals the product 
current in amperes x time in seconds, then in one second the charge 
q passing equals the current I in amperes. 

Hence the difference between the two rates of heating is 2it1 
joules per second, or w^atts. This just counterbalances the rate 
of heating caused when radiation falls on one cup only. 

Let H be the rate at which radiant heat energy strikes the 
apparatus, in joules per sec. per sq, cm. or watts per sq. cm., let 
A sq. cm. be the mean of the two areas of the apertures, and a the 
absorption coefScient of the blackened cup. 

The rate of absorption of energy is then aAH watts. 

Thus aAH^27rI, 

^ 2ttI . 

or H watts per sq. cm. 

10^27rJ 

= — _ — ergs per sq. cm. per sec. 

27r/ , 

As the Peltier coefficient varies with the temperature, the mean 
temperature of the apparatus has to be determined to at least V G. 
The apparatus has been used for many types of radiation measure- 
ment, including the determination of the solar constant (p. 406) 
and the evaluation of Stefan’s constant (p. 390). 

3. Sensitive thermopiles. The ordinary type of thermopile has 
fer too large a heat capacity to T)e of use in accurate work. Ibr 
sensitive thermopiles, thermocouples made of very fine wires of 
bismuth and silver are used. Arranged so that the “ hot ” junctions 
all lie along a line, the linear thermopile has been used to explore 
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the energy distribution in the spectrum. Modem sensitive thermo- 
piles are often '.mounted in, evacuated containers .to ..reduce losses 
from the, hot junctions. 

A very sensitive radiation detector,, 'called' the ' 'radio-niicro- 
meter, was designed by C. 'V. Boys. Fig. .177' shows the general 
structure of the instrument. One junction of a smali antimony- 
bismuth thermocouple is attached to a small blackened copper disc, 
shown edgeways, of smali thermal capacity, on vdiich the radiation 
(directed down a horizontal channel in the case) falls. The circuit 
is completed by a loop of copper, at the upper, end of which is a fine 
glass rod carrying a mirror to reflect a beam of light on to a scale. 
The whole is suspended from a fine quartz fibre, with the copper 
loop between the poles of a permanent magnet. The instrument 
is really a combined thermocouple and galvanometer, as, when the 
thermoelectric current is generated by radiation failing on the copper 
disc, the copper loop turns in the magnetic field until arrested by the 
torsion of the quartz fibre. 



Fig* 177. — ^Boys’ radio-micrometer. 
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4. Acciirate radiometers. The vane radiometer designed by 
Mchols in 1897 is really an accurate modification of the Crookes 
radiometer. Fig. 178 indicates its construction. Two narrow mica 
vanes A and B are attached to narrow glass crosspieces and to a 
fine glass rod carrying a mirror if, the whole being suspended from 
a fine torsion fibre IF. The blackened faces of the vanes are close 
to the fluorite window of the containing vessel, through which the 
radiation enters. The container is evacuated to a pressure of about 
0-02 mm. of mercury. The radiation falls on one vane A only^, the 

other B (indicated as clear in 
the figure) being shielded and 
serving as a compensator for 
stray radiation. The exposed 
vane is thus heated to a tem- 
perature higher than that of 
the adjacent fluorite window, 
and the circulation of the 
residual gas between the vane 
and the window sets up a 
small pressure tending to 
move the vane ; the suspended 
system thus rotates against 
the control of the quartz 
fibre. 

The effectiveness of all these 
instruments depends largely 
on the blackening of the actual 
receiver. Soot from burning 
camphor is usually used. Ac- 
cording to an article by A. H. 
Pfund in Forsythe's “ Measurement of Radiant Energy ", camphor 
soot is unsatisfactory for long infra-red radiation, transmitting as 
much as 50 per cent, of the incident radiation for wave-lengths of 
about 11/x. Platinum black and zinc black in films of suitable 
thickness are much more complete absorbers of long infra-red 
radiation, absorbing equally well for shorter wave-lengths. If 
absorption in the extreme infra-red only is required (with trans- 
parency at shorter wave-lengths) finely divided powders of quartz, 
calcite, or fluorite have been used.- 





M 
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Fig. 178. — ^Vane radiometer. 
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Black-body sources. Lummer and Rringsbeim, in the course of 
their investigations on the distribution of the energy in the spectram 
of a black body (1897) used as a source a hollow copper sphere coated 
inside vith platinum black, and investigated the radiation emerging 
from a small hole in its wall. The sphere was heated up to 600° 
in a suitable bath of fused salts. For higher temperatures up to 
1300° C. an iron cylinder with blackened inside was used, and the 
radiation from the inside observed. The same experimenters in 
later work on the applicability of the radiation laws to the measure- 
ment of temperature used a thin tube of carbon, which w'as heated 
by an electric current passing along its wall ; as before, the radiation 
from the inside of the tube was observed. This radiator is repre- 
sented in Fig. 179. The carbon tube It was 34 cm. long, 1-2 mm. 
thick, and with internal diameter of 1 cm. Copper-plated carbon 
end-pieces A served as current leads. The back w'-all of the radiating 
cavity was formed by the carbon plug fitting tightly in the tube. 
Behind this was a second plug Pg, and a third plug P 3 which sealed 
the tube from the atmosphere at the far end. The tube was gradu- 
ally destroyed by combination with the oxygen of the air, but 
precautions were taken to make this process as slow as possible. 
current of nitrogen circulated through the shutter P at the open end 
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of the tube, and the whole tuba was surrounded by a carbon tube Z7, 
which helped to remove oxygen from the air in the neighbourhood 
of -K. This w’^as surrounded by other cylinders of fireclay and 
asbestos, as indicated in the figure. D and D are plates of copper 
attached to copper rings C, C, their purpose being to remove heat 
from the ends of the apparatus. The current passed through E 
w^as about 160 amperes, and a steady temperature of about 2300° 
absolute could be maintained for some hours. 

Other forms of black-body radiator all use the principle of radia- 
tion from within a hollow space. The interior of refractory tubes 
immersed in molten platinum, the inside of a V-shaped strip of 

platinum foil heated electrically, 
and the inside of an electrically 
heated metal tube have all been 
employed as sources. 

■ 1 1 Di^bMoiL-Qf thfi„jnergy_iii the 

rippectni m of a black body > A veiy 
important series of expennients 
was performed by Lummer and 
Pringsheim to determine the w’-ay 
in which the energy emitted by a 
black body is distributed among 
the difierent wave-lengths of the 
spectrum. The source was an 
electrically heated chamber of the 
type described on p. 387, and its 
temperature was measured by a 
thermocouple. The radiation fell 
on a slit, and was dispersed into 
a spectrum by a fluorite prism, 
being focused by a concave mirror. 
The wave-length at difierent 
portions of the spectrum was cal- 
culated using the known formula 
for the dispersion of fluorspar. 
A Lummer-Kurlbaum linear bol- 
ometer was moved along the spec- 



black-body spectrum at different 
temperatures. 


radiation falling on it measured. 
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The bolometer must cover a finite strip of the spectrum, say between 
wave-lengths A and A + cfA, and the recorded intensity depends on the 
size of the interval dA as well as the emissive' power of the body for 
wave-length A, The bolometer readings indicate the emissive poiver 
of the sonrce, and the results are shown on the carves of Pig. 180. 
Here the emissive power, E^^ fov wave-length A (indicated hy.E in the 
figure, which is taken from Preston’s “Heat”) is plotted up the 
J-axis and the w^ave-length A in microns along the Y-axis. 

Two facts are at once apparent from these curves. The first is, 
that as the temperature increases the emissive power for every 
v/ave-length increases. Secondly, each curve has a definite maxi- 
mum for and with increasing temperature the wave-length at 
which this maximum occurs shifts steadily towards shorter values 
of A ; that is, in the direction of the visible spectrum at these 
temperatures. These observations certainly agree with the w^ell- 
known facts that as the temperature of an incandescent body is 
raised it becomes {a) brighter, and (b) whiter in appearance. 

In the following sections the theoretical equation for this family 
of curves is discussed. 

Laws of black-body radiatim. The total energy emitted per 
sq. cm. per sec., E, from a perfectly black body depends only on the 
absolute temperature T, The energy emitted per sq. cm. per sec. 
betw^een wave-lengths A and A-fc?A by a perfectly black body, 
symbol E^dX, depends on the temperature T, the wave-length A, 
and the size of the interval dX ; the emissive power Ex depends on 
the temperature T and the wave-length A only. The use of the 
capital E to denote two different quantities should be noted care- 
fully ; the symbol E alone stands for the total energy of ail wave- 
lengths, while Ex is the emissive power at wave-length A. 

The dependence of E on and of Ex on T and A, have been 
investigated theoretically as well as experimentally. The theoretical 
w^ork is largely well beyond the scope of this book, though it will be 
necessary to touch on the main ideas at times. But the most 
important aspect of the work at this stage is the experimental part. 

Dependence of E on T. Stefan^ s Law for the total radiation from a 
black body. The energy emitted per square centimetre per second is 
proportional to the fourth power of the absolute temperature. In 
symbols. 
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where o- is a constant called Stefan^s constant^ value 
5‘735 X 10*”'^ erg/cm.^/sec./deg.^ 

This equation refers specifically to emission, and not to the net loss. 
If the black body be surrounded by a perfectly black surface at 
temperature Tq, the gain trom the surroundings is o-T/, and the 
net loss of energy per sq. cm. per sec. is given by 

The law is often referred to simply as the fourth power law, and is 
•also called the Stefan-Boltzmann Law, since while Stefan deduced it 
empirically from the results of Dulong and Petit, Boltzmann later 
gave a theoretical proof of it, on thermodynamical grounds. 

Dependence of on T and A. [a) Wien's Eisplacement Laiv\ 
Experiments on the distribution of energy in the spectrum of a 
black body give results as shovm in Fig. 180. 

The energy distribution curves for all temperatures are of the 
same general shape, each with a well-marked maximum. The 
wave-length Amax the absolute temperature T are connected 
by the relation 

^maxT=<3& constant. 

This is Wien’s Displacement Law. The value of the constant is 
*0*293 cm. degree. 

If Fmax is the value of corresponding to A^ax) fEen 

constant. 

By combining Stefan’s Law and the Displacement Law, the 
following equation connecting Ej^, A, and T was obtained by Wien : 

E,^x-^fixn 

where/(AT) is some relation between A and T only. This equation is 
also referred to as the Displacement Law in some books. It is believed 
"to be rigorously true, and rests on thermodynamical reasoning. 

(b) Distribution formulae. The three most important attempts 
“to obtain the exact form of the function /(AT) in the equation 
Ex = A“y(AT) are those of Wien, of Rayleigh, and of Planck. 

Rayleigh’s formula is of theoretical importance on account of its 
MriJcing failure. Assuming the Law of Equipartition of energy 
(p. 271) to hold, its derivation is flawless, and it was deduced 
independently by Jeans. Yet the formula, 

Ex^^^hTjXS 
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where h is Boltzmann’s constant, not'; only, fails to give cnr"\'r'S 
resembling those found experimentally (though there is agreeiiieiit 
for very large values of AY) but also predicts that the total, rarliation 
from a body at any finite temperature shall be infinite. The theory 
on which it is based (that is, the initial assumption made) thus fails 
to survive the test of experiment. 

Planck’s formula agrees closely with the observed curves. It was 
deduced by considering the emission of radiation from individual 
atoms, discarding the idea of radiation as a continuous stream of 
energy, and the law of equipartition, and assuming that the 
radiation of each frequency v was composed of quanta of magni- 
tude hv, where h is a universal constant knowm as Planck’s 
Constant, its value being 6*55 x in c.G.s. units. These ideas 
were revolutionary at the time of their introduction. It is now 
realised that in ail investigations of the emission and absorption 
of energy by individual atoms, energy must also be regarded as 
atomic. 

Planch's formula is 

w'here e is the base of natural logarithms, and and Cg are constants 
called the first and second radiation constants respectively. It is 
not proposed to attempt the theory underlying the equation, but 
it is worth mentioning that the values of the constants and are 
given by the theory in terms of other known constants. The value 
of is and that of is chjk^ where h is Planck’s Constant, 
c the velocity of light in free space, and h is Boltzmann’s Constant 
RjN (p. 152). Taking the values 

c =3x10^® cm./sec. i?=8-3xl0^ erg/mole/deg. 

h =6-55 X 10"*^’ o.G.s. units. iV=6*06 xlO*’-® per mole, 

= Stt X 6*55 X 10-^^ X 3 X 10-® = 4*94 x c.G.s. imits, and 

X 10^ 

Cn = 3 X X 6*55 X 10-^27 x = 143 cm. degrees. 

A 8*3 X 10’ ^ 

Wien's formula is 

where all the symbols have exactly the same meaning as in Planck’s 
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formula. It can be seen that for small values of AT, is large 
compared with unity, and the denominator of Planck’s formula 

is approximately so that approximates to e-^aAr^ 

Wien’s formula is thus, as experiment has shown, a satisfactory 
approximation to the true formula of Planck if the product AT is 
sufficiently small. 

Fig. 181 compares the plotted curves for 1646° K. obtained using 
Rayleigh’s formula, Wien’s formula, and Planck’s formula. The 
complete inadequacy of Rayleigh’s, and the close agreemenu 
between the other two, will be observed. 



Fig, 181. — Calculated energy distribution for black body at 1646° K., 
according to the different radiation formulae. 

The formula of Wien is in very close agreement with experiment 
for small values of XT ; it is so satisfactory for the visible portion 
of the radiation from bodies at temperatures up to 2000° absolute 
or so that it is universally used in optical pyrometry. But it does 
not accord with experiment for values of XT greater than about 
0-3 cm. degree. 

It is worth while here to put in some numerical values to show 
how closely the two formulae agree for the visible spectrum of a 
body at 2000° absolute, and how considerably they disagree in the 
infra-red region. 
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Let T be 2000® K. and A = 6 x lO*"®' cm. (red ligM). :■ Tlien 

Ay == 0-12 and ^=^^==12 approximately. 

Thiis ==2*2 x 10^ ; and neglecting the 1 in tbe denomin- 

ator of Planck’s formula causes an error of about one part in 20,0(K). 

For the same temperature, let A be 6 x lO*"^ cm. (near infra-red). 
':Theii'' 

0 

XT = 1 -2, ~ =1*2 approx., and == approximately 2*7. 

Neglecting the 1 in the denominator causes an error of more than 
one part in three. 

When Wien’s formula is used in pyrometry, the error caused in 
its use at 2000® K. is only 0*01°. 

SUMMARY OF THE LAWS OF BLACK-BODY 
RADIATION 

1. Total radiation, 

Stefan’s Fourth Power Law : E = crT^, 
where is the total energy emitted per sq. cm. per sec., and 
cr = 5*735 X 10""^ erg /sq. cm. /deg.^ 

2. Distribution of energy in the spectrum, 

Wien’s Displacement Law : Xj^JO = constant, 

where the value of the constant is 0*293 cm. degrees. Leads to 
constant, and also to the equation E;^ — X^^f{XT), 

Planck’s formula : — j , 

accurate for all values of XT, 

Wien ’s formula : E;^ = A~® 

which is usually used in practical problems. 

The constants and Cg of Planck’s and Wien’s formulae are called 
the first and second radiation constants, and have the values 
4*94 X 10"^® c.G.s. and 1*43 cm. degree respectively. 

Planck’s formula agrees with both the Displacement Law and 
Stefan’s Law, For by differentiating Planck’s formula and applying 
the usual test for a maximum, the condition Amax^ ” constant is 
found to hold ; and by integrating the expression over all values 
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Fig. 182. — Graph smximarising laws of black-body radiation. The 
same eiir\^o fits all temperatures if the ordinate scale for each is pro- 
portional to and the abscissa scale to T, 


Meproduced from The MdeoroloQieal Glossary hy permission of the 
Controller of M. M, Stationery Office, 

of A from zero to infinity the value of the total radiation is obtained, 
and this is shown to be proportional to the fourth power of T. 

Fig. 182 provides an instructive summary of the laws of black- 
body radiation. Wien's Displacement Law, Aniax^ = const., shows 
that if we plot the distribution curves for black bodies at different 
temperatures, the maxima will all be at the same horizontal distance 
from the origin if w^e choose for each temperature a scale for plotting 
wave-lengths such that the horizontal distance representing A is 
directly proportional to the absolute temperature. Now, Stefan's 
Law states that the total energy emitted per sq. cm. per sec. is 
proportional to the fourth power of the absolute temperature ; and 
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the total energy, E^dX (or |yda7,smee';E^;i is plotted up the 'r-axh; 


and A along the X-axis) is/represented by the area tinder the curve. 
The areas beneath the curves for the different temperatures are tliv.s 
proportional to the fourth power of the absolute temperature, if 
the scales are not adjusted.' ' But- if, after altering the wave-length 
scale as above, the energy scale is altered so that the vertical distance 
representing one energy unit is inversely proportional to the fifth 
power of the absolute temperature, all the curves have the same 
area, and all coincide since constant. 

Four wave-length scales are shown, ranging from 200® A., the 
temperature of the stratosphere, to 6,000® A., an estimated value 
for the temperature of the sun (which is not a perfect black body). 
The actual absolute E^ scales are not given but would be proportional 
to in each case. Comparing Scale A and Scale D, it can be seen 
that as the sun’s absolute temperature is thirty times as great as 
that for the stratosphere, the distance representing 30^ on Scale A 
represents only 1/x on Scale D. The area under the curve, which 
represents 9T3 milliwatts per sq. cm. (1 miiihvatt == 10^ ergs/sec.) 
on Scale A, represents 9T3 x {30)^ or 7,400,000 milliwatts per sq. 
cm. on Scale D, 

MEASUREMENT OF HIGH TEMPERATURES 

There are two difficulties m applying the laws of radiation to the 
measurement of high temperatures. 

(а) The laws hold only for perfectly black bodies, and no actual 
radiating surface is a perfectly black body, though many are 
approximately black. 

(б) The laws have only been verified directly within the range of 
ordinary thermometers, and though we have every reason to believe 
that they hold at all temperatures there is no direct way of putting 
this belief to the test. The agreement betw^een the values of very 
high temperatures measured by completely different radiation 
methods is satisfactory, which does suggest that this extrapolation 
is justified. 

Three distinct methods seem to be available : 

1 . The Mai radiation method, using Stefan’s Law Xnet 

The energy emitted per square centimetre per second is mmsured, 
and the temperature T calculated if <t and aie known. This is 
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the basis of the Total Eadiation Pyrometer, which is calibrated to 
give direct readings of T.' , 

2, Displacement law method. The radiation from the source is 

dispersed into a spectrum by means of a fluorite prism, and a linear 
bolometer moved along the spectrum to determine the wave-length 
Amaxt>f maximum emission. As ^ can be evaluated. 

This method was tested by Lummer and Pringsheim, and appeared 
to give consistent results ; though if the surface is not a black body, 
the displacement law does not hold at all, and it is not just a question 
of applying a small correction to the figure 0*293. The method has 
not been applied in practice to the design of pyrometers, but has 
been used to estimate the temperature of the sun (p. 407). 

3. The distribution law method, using Wien's equation 

~ or the more accurate Planck's equation if necessary. 

There are two ways of using this law. 

(a) Using the spectral distribution of the source itself. 

Two wave-lengths A and I, both known, are selected. 

The ratio is determined experimentally. 

Then, using the Wien formula, 

Taking kgarithms, 


V <a 




^2 

AT' 


Subtracting, 


K?)- 




Thus, if Cg, the second radiation constant, be known, T can be 
calculated ; wfrile, if for a standard source at a known temperature 
T' the ratio Ef IE{ be found for the same two wave-lengths A and I, 


and 


wMmMW)- 


This method has been used in particular cases. Dobson, Griffith, 
and Harrison, in Photographic Photometry ", describe the 
determination of the temperature of the high-pressure arc by this 
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iBethod. They found UJEi by measuring the density at the 
points corresponding to A and I of the image of the spectroBi on a 
photographic plate. Planck’s formula was actually used, instead 
of the simpler Wien’s formula, by these workers. 

(b) Comparing from the unknown for one fixed wave-length X 
with E^ for that same wave-length for a comparison source at known 
temperature. 

A fixed wave-length A, usually red light of about 6500 A.U., 
transmitted through a red filter which allows a narrow band about 
200 A.U. in width to pass through, is used. For this wave-length , at 
all temperatures likely to be met with in practice, Wien’s formula 
can safely be applied. 

The source whose temperature is to be found is viewed through 
the red glass, and a lamp whose filament is maintained at a knovu 
temperature is placed between the source and the glass. The 
simplest method of working, applicable when the temperature of 
the source is not above the highest temperature to which the lamp 
filament can be heated, is to adjust the temperature of the filament 
until this is invisible against the background of the source. Then, 
as both are equally bright in light of -wave-length A, E), is the same 
for both, and the temperature of the source is the same as that 
of the lamp. This is the principle of the disappearing filament 
pyrometer. 

If, however, the temperature T to be measured is greater than 
that of the comparison lamp, Ej^ for the source exceeds Ef 
for the lamp. Using Wien’s formula, 

** E^ 

The ratio EffE^ is either fixed at a known fraction by using a filter 
or rotating sector which transmits this fraction, when the tempera- 
ture of the lamp is adjusted to give a match ; or else the ratio 
EfjEj^ is determined directly by ordinary optical photometric 
means, using a polarising photometer. 

Instruments using the total radiation law for the measurement 
of high temperatures are called radiation pyrometers ” as a rule, 
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while pjnrometers using the distribution law are usually called 
optical pyrometers 

Total radiation pyrometer* The Fery total radiation p3rrometer 
is shown in Fig. 183. A concaye mirror C focuses the beam of 
radiation which enters through the aperture A A, on to the thermo- 
couple receiver N, in front of which is a limiting diaphragm. The 
cold Junction of the couple is shielded from radiation, by a tongue 
and a box M surrounding the couple. The mirror may be a gold 
film deposited on glass, or a film of gold or nickel on copper. The 
of the thermocouple is recorded on a millivoltmeter attached 

to the terminals shown. 


As the steady tempera- 
ture excess of the hot junc- 
tion depends on the rate at 
which it receives radiation 
from the source (if Newton’s 
Law of Cooling can be as- 
sumed, it should be propor- 
tional to this excess), and 
if the E.M.F. of the couple 
is proportional to the tem- 
perature difference between 
its hot and cold Junctions, 
the millivoltmeter readings 
should be proportional to 
{T^ - ^4 approxi- 

mately, if T is very large compared with Tq. The millivoltmeter 
can thus be graduated to read temperatures directly. 

It is important that the image of the source be focused accurately 
on the diaphragm, and this is done by moving the mirror C, The 
diaphragm is observed through a hole in C by the eyepiece E. 
Provided the image is large enough to cover the hole in the dia- 
phragm, the distance from source to instrument has no effect on the 
readings, except that due to different absorption hy different thick- 
nesses of the intervening air. If the distance between pyrometer 
and source is doubled, then, by the law of inverse squares, the total 
radiation received by C is reduced to one fourth ; but as the diameter 
of the image is halved, its area is reduced also to one fourth, so the 
radiation falling on unit area of the image per second is unaltered. 



Fig. 183. 
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The re^^ding of the mstrument Is not- as a rnie quite proportional 
to the fourth power of the. absolute temperature of the source, for 
several reasons,. The.E.M.F. of the thermocouple is .not strictly 
proportional to the temperature difference ■ between the junctions ; 
straj^ reflections from the walls of the box enclosing the thermocouple 
produce disturbances, the steady rate of loss of heat from the hot 
Junction of the thermocouple is not strictly proportional to the 
temperature excess, and. conduction along the couple wires causes a 
slight temperature rise in the cold junction. When the instrunaent 
is calibrated, it is found that the reading is proportional to some 
poiver of T, but this varies betw^een 3’8 and 4-2, instead of being 
exactly 4, 

It has been stated that the reading is independent of the distance 
of the source, provided the image covers the diaphragm. As 
geometrical optics, this is quite true. But the rise in temperature 
of the plate covering the diaphragm, and the consequent expansion 
of the hole, depends on the total energy falHng on the plate ; the 
reading is a Little higher if the source is closej because this aperture 
is a little larger. Atmospheric absorption, particularly due to water 
vapour and carbon dioxide, convection currents from source to 
instrument, and the effects of stray reflections within the receiver, 
all vary to some extent with the distance. 

The total radiation pyrometer is usually calibrated between 
800® C. and 1400® C. by sighting it on the inside of an electrically 
heated muffle furnace, the radiation from which approximates to 
that from a black body. The temperature of the exact portion of 
the interior on wLich the instrument is focused is measured by 
one or more platinum-rhodium thermocouples. In actual use, the 
emissivity of the hot surface under examination must be 

known, so that the readings can be corrected for the fact that this 
is not a perfectly black body. 

Temperatures above 1400® C. can be measured by the aid of a 
rotating sector between the source and the pyrondeter. The 
transmission ratio (that is, the fraction of the incident energy 
transmitted) is readily found, for this is simply angular width in 
degrees of clear part -y 360®, since an opaque disc from which a clear 
sector of, say, 60® has been cut out wiU, if rotated fairly rapidly 
in front of the pyrometer, allow only 60/360 of the radiation falling 
on it in any given time to reach the pyrometer. If ja be the trans- 
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mission factor of the sector, 2^^ K. the temperature of the source, 
and Tobs° K., the indication of the pyrometer, the radiation from 
a source at temperature I^obs is proportional to Tobs^) is 

reproduced by a fraction {jl of the radiation from a source at 
temperature T (which is proportional to T^). 

Thus = and T = ^robs-r.v^ 

Disappearing filament pyrometer. This is essentially a telescope, 
the objective of which focuses a real image of the source upon the 
filament of a standard lamp. This is viewed by means of an 
ordinary eyepiece through a piece of red glass, shovui outside the 
eyepiece in Fig. 184, but usually mounted between the eyepiece and 
the filament. The temperature of the standard lamp is adjusted 
by means of a rheostat until the filament is indistinguishable from 
the background. Then for red light is the same for both source 
and filament, which are thus both at the same temperature. The 
lamp circuit contains an ammeter, 'which is calibrated to read 
temperatures directly. 

Since, if absorption due to the air be neglected, the brightness of 
the image formed by the objective is independent of the distance of 
the object, the distance between pyrometer and source does not 
matter. 

/?et/ 


Radiation from 
Source 


Fig. 184. — Disappearing filament pyrometer. 

The disappearing filament pyrometer can be used as it is up to 
1400® C., the maximum temperature at which it is convenient to 
run a standard lamp. For higher temperatures, filters or rotating 
sectors must be used to reduce the radiation from the source in a 
known proportion, as described on p. 399. 

Let such a filter or sector transmit a fraction fi of the radiation 
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from the source at temperature T, and let the filament disappear 
when its temperature is T'. Then, if and are the emissive 
poweis for source and filament at T and T' respectively, then as 

■ ' ■ ' w ^ 

just matches = 


whence the value of T is found. 

Wanner optical pjrometer. This is really a polarising ph)tameter^ 
and to understand it thoroughly reference should first be made to 
an account of plane polarised light. The chief feature of interest is 
that the comparison electric lamp is at a fixed but imknomi 
temperature. Fig. 185 is a very simplified version of the apparatus, 
sufficient detail only being given to explain the principle, 

Eadiation from the source passes through a diaphragm and fails 
on a Rochon prism, a doubly refracting caleite prism, which produces 
two beams of plane polarised light, polarised in planes at right angles 

A 

to one another as represented by the arrows < — ^ and | , and 

■ ■ t' 

emerging in slightly different directions. A biprism bends down 
one of these, the < — > beam to pass through a diaphragm which 
obstructs the other. Radiation from the comparison source is 

similarly treated by the Rochon prism, but it is the | beam which 

is bent up to pass through the diaphragm. 


Red 

filter 


from 

source 


Ntco! 

prism 


Biprism Rochon prism 


From 

comparison 

lamp 


Fig. 1S5. — Scheme of Wanner optical pyromet^. 
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Two beams of light, polarised at right angles to one another, fall 
on the JSIicol prism, and then pass through a red filter as used on 
the disappearing filament pyrometer. A suitable lens system (not 
shown) enables an observer looking through the prism to see two 
semicircular patches of light side by side. 

Let Ey, be the intensity (intensity in the photometric sense is the 
same as emissive power) of the radiation of the red light from the 
source at unlmo^vn temperature K., and the intensity of light 
of the same w^ave-length from the standard lamp. In one position 
of the Nicol prism, the light from the lamp is completely extinguished 
and that of the source fully transmitted ; call this position 1. When 
the Nicol prism has been rotated through an angle of 90° (into 
position 2), light from the lamp is fully transmitted, wLile that 
from the source is extinguished. Eotating the Nicol prism from 
position 1 to position 2 thus causes the brightness of the patch of 
light due to the lamp to grow brighter, and that due to the source 
to grow dimmer, so there will be one position of the Nicol prism at 
which both patches are equally bright. If ^ be the angle turned 
through by the Nicol prism from position 1 when this occurs, the 
optical theory leads to the equation 

^=tan2^. 

, .. . . Ex .. , , , , , 

But here we do not know the temperature of the lamp filament ; 
ail that is known is that it is steady. Repeating the experiment 
with another source at a known absolute temperature K., 
Ex being the intensity, and the observed angle from position 1 : 

(j>\ 

Ex 

Ex tan^ (l> 

But In ( J;) “ ^ (P- 



or 2 (In tan ^ - In tan ==/? , 

the relation between In tan (/> and 1 /T being linear. 
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Comparison of total radiation and optical pyrometers. The total 
radiation pyrometer is direct-reading and needs no setting by 
the observer. It can be used with continuous-recording instru- 
ments. Also, it can be used for lower temperatures than optical, 
pyrometers. 

Departure from black-body conditions of the surface under test, 
and the absorbing effect of carbon dioxide and w^ater vapour, affect 
the total radiation pyrometer much more than the optical pyrometers, 
with their restricted range of wave-lengths to w-hich these gases are 
relatively transparent. When the total radiation pyrometer is 
enclosed in a vacuum containing the furnace, its readings agree 
with those of an optical pyrometer to less than 0-5® at 1750° C., and 
to about 4° at 2800® C. 

The polarising pyrometer is the better of the tw^o optical pyro- 
meters since (a) there is no need for neutral filters or rotating sectors 
to cut dowm the radiation fi:‘om the source, even at the highest 
temperatures, and (6) the comparison electric lamp can be checked 
from time to time against a photometer standard. On the other 
hand, the disappearing filament pyrometer enables the telescope to 
be focused sharply on the exact point at which the temperature is 
required, and it is the simpler of the two optical pyrometers in use. 

The tables on p. 403, from the Cambridge Instrument Co.’s 
pamphlet The Accurate Measurement of Temperature ”, show 
the considerable difference between the observed (equivalent black- 
body) temperature and the true temperature for surfaces of different 
emissivities. 

TEMPEBATUBES OBTAINED BY BADIATION METHODS 

Stefan’s Law and Wien’s Displacement Law are deducible using 
thermodynamics, by considering a reversible engine in which the 
working substance is radiation. As the behaviour of a reversible 
engine is independent of the nature of the working substance, it 
follows that the temperature T appearing in the radiation formulae 
is the temperature measured on the absolute thermodynamic scale. 

Both total radiation and optical pyrometers thus indicate the 
absolute temperature on the thermodynamic scale of a black body 
to which they are exposed. But as few actual surfaces approximate 
to black bodies, the readings must either be corrected for departure 
of the surface from hlackness, if this can be done, or accepted with 




COLOUR TEMPERATURE ' do' 

the reservation that they do not represent absolute temperatures 
on the Kelvin scale. 

With the total radiation pyrometer which has been calibrated on, 
a black body,: the true temperature T on the absolute scale is obtained 
from the observed temperature Tobs if the emissivity (the ratio 
emissive power of surface /emissive power of black body) is known. 
The equation obtained from Stefan’s Law is iTobs^ where c is 
the emissivity. If the emissivity is not known, the reading J^obs 
is still a valuable piece of information ; it is called the brightness 
temperature of the surface examined. 

With the optical pyrometer which has been calibrated on a black 
body, the true absolute temperature T can be calculated by W^ien’s 
formula from the reading T'obs if the emissivity of the surface under 
examination for the range of wave-lengths used is known. If the 
emissivity is not known, the value of iTobs is still very useful ; it 
is called the brightness temperature of the surface for this wave4engtk 
range. 

The emissivity can only be determined experimentally by examin- 
ing the radiation from the surface when it is maintained at a known 
temperature which is measured by some independent method, so 
radiation and optical pyrometers can only really be relied on to give 
temperatures on the Kelvin within the range of other types 
of thermometer. 

The colour temperature of a non-black body X is the temperature 
at which a black body must be maintained in order that the distri- 
bution of energy in the spectrum of X may be matched as closely 
as possible. If X is radiating very nearly as a black body, the colour 
temperature will be fairly near the true temperature ; if not, the 
colour temperature can only be regarded as a concise way of' 
describing the sjpectrum of iJie radiation, for it yields little other useful 
information about the body itself. 

Temperature of the sun’s surface. Determination of the rate at 
which the sxm’s radiation fails on unit area of the earth’s surface 
enables the total energy emitted per square centimetre per second 
from the sun to be calculated, and thus by applying Stefan’s Law 
the sun’s temperature can be found. 

The energy received per square centimetre of the earth’s surface 
in unit time, the earth being at its mean distance from the sun and 
the radiation falling normally upon the absorbing surface, when^ 
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corrected for the absorption of the atmosphere, is called the solai: 
^constant, 8 , The mean value of ^ is about 1-93 calories per sq. cm. 
per minute, or about 1-34 x10^ ergs per sq. cm. per second. The 
value of 8 at any time is obtained by allowing the sun's radiation to 
enter a hollow chamber through an aperture of known area ; the 
inside of the chamber is blackened to absorb the radiation, and the 
rate of reception of energy is fomid by surrounding the chamber 
with a continuous flow calorimeter. The rate of supply of heat by 
radiation is measured by reproducing the same temperature rise by 
supplying heat electrically at a known rate when the apparatus is 
.screened from radiation. Such an instrument is called a pyrheiio- 
meter (Pig. 186). Elaborate corrections for the absorption of the 
■atmosphere must be made. 

Another type of pyrheliometer, due to Angstrom, comprises two 
exactly similar metal strips, blackened on one side, one strip being 
■expos^ to the source of radiation, while the other is protected from 
the radiation by a double-walled screen. Two thermo-junctions 
‘Of constantan-copper, arranged differentially, are attached, one to 
the back of each strip. An electric current is passed through the 
screened strip, and is adjusted until no current flows between the 
two thermo- junctions, showing that the temperatures of the tw’o 
.strips are equal. The electrical energy expended is then equal to 
the radiated energy absorbed by the exposed strip, and the absolute 
value of the radiation in c.o.s. units can be readily calculated. The 
rstrips can be exposed alternately to the radiations to be measured, 


Manganin coH to 
augpfg heat at known 



Fig. 186. — ^EyrheHometer. 
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enabling any slight errors due to mechanical inequality in the strips 
to be eliminated. 

The radius of the sun is 4*33 xlO^ miles, and the inea.n distance of 
the earth from the sun is 9*28 x 10^ miles. ■ Thus, if E be the eiic^rgy 
emitted per square centimetre per second. at the sun’s suifaee, by 
the time it has reached the earth’s distance it has spread out to cover 


an area 


'9*28 X my 
,4*33 X lOV 


times as large, whence 


■.E 


(- 

\9-. 


•4-33x105^2 

28 X 107 


or 


_ „/9-28xl0’\2 
^ '^(4-33x105} 


The value of S is T34 x 10® ergs per sq. cm. per second, so 


E =46,000 X 1*34 X 10® = 6*16 x 10^® ergs per sq. cm. per second. 

Using Stefan’s Law, and taking the value of cr as 5*7o x 10”® units, 
since E - crT^. 

6*16 X IQio =5*75 X 10~® X yh 


T = X 10^0 ^ 5720° absolute. 

^ 5*75 X 

This is the temperature of the black body which would have the 
same value of E as that computed for the sun ; that is, the brightness 
temperature of the sun’s surface. 

The surface temperature of the sim has also been estimated by 
applying Wien’s Displacement Law ; that is, finding the wave-length 
Araax cm. at which E^, is greatest, and using th.e equation 
= 0*293, obtaining the colour temperature. 

The sun’s temperature increases from the surface towards the 
centre, and the radiation actually emitted originates at many 
different depths and temperatures, the outer layers absorbing more 
or less selectively a great deal of the radiation from within. Thus 
the radiation finally emitted certainly cannot correspond to that of 
a black body at a definite temperature. Further, the absorption of 
the radiation from within is least at the centre of the sun’s disc 
because the rays pass perpendicularly through the outer layers, and 
greatest at the edges, where the path through the outer layers is most 
oblique. The value of Am^x fo^ radiation from the centre of the 
disc is 4580 A.U., and for the radiation from the edge 5050 A.U. 
Thus T is 0*293/4580 x 10"’»=6400^ absolute for the radiation from 
Jhe cento and T =0*293/5050' *^5800® alMolute-for the i^dia- 
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tion from the edge. This calculation is of doubtful value, since it 
is not legitimate to apply Hie displacement law at all to a non-black 
body ; but the temperatures obtained are of the same order as that 
given by the total radiation methods. Recent results for the colour 
temperature based on visible spectrum measurements have given 
values as high as 7100® K., while for the ultra-violet spectrum the 
figure is as low as 4800® K. It will be seen that the colour tempera- 
ture is more a means of describing an observed spectral distribution 
than a temperature reading in the ordinary sense. 

It should be emphasised again that these figures are not the 
temperature of the sim ” ; they are the surface temperature of a 
black body which would have the same total radiation or spectral 
distribution as is measured. Different methods of approach have 
suggested very much higher local temperatures, even at the surface. 
The ionising properties of the radiation from bright eruptions on 
the sun, as evidenced by the effect on the upper atmosphere, are 
those of ultra-violet radiation from a body at 10,000® to 20,000® K. 
The spectrum of the solar corona contains lines at one time ascribed 
to an as yet unknown element coronium ” ; efforts are now being 
made to reconcile them with the lines which would be emitted by 
atoms of iron, nickel, or calcium in a very highly ionised state such 
as would require a very high temperature indeed. This, and the 
breadth of the linos themselves, suggest temperatures of the order 
660,000® K. to 2,300,000® K. in the corona, according to the 
Swedish physicist Edien (see “ Nature December 26, 1942). The 
physical meaning of such a “temperature’’ is as yet unknown. 
Prof. M. N. Saha has recently suggested that nuclear ifission, rather 
than any such exceedingly high coronal temperature, may be 
responsible for these highly ionised atoms. 

It is accepted nowadays that the internal temperature of the sun 
must be about 20,000,000® K. The argument leading to this 
conclusion is as follows. Radiation has mass associated mth it at 
the fixed rate of 1 gm. for every 9 x 10^® ergs of radiant energy. 
The sun radiates 3*8 x 10^ ergs per second, and thus loses 4*2 x 10^^ 
gm, per second, or 250 million tons a minute. This is accounted 
for by nuclear reactions in which four hydrogen nuclei, or protons, 
of mass totalling 4*030 units on the usual atomic weight scale, 
combine to form a helium nucleus of mass 4*003 units, yielding 
0*027 units of mass in the form of radiation which, originating as 
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y-rays or. X-rays, is., absorbed in ■ the outer . layers of the sun and 
re-emitted as temperature radiation. The chain of nuclear reactions, 
involving carbon nuclei which play the part of mielear catalysts, 
has been worked, out and the "important 'point is that tMs chain 
of reactions is one which can only take place at a temperature of at 
least 20,000,000° K. The supply of protons in the sun is gradually 
dwindling by this process ; but at the lowest estimate the supply 
should allow the sun’s present rate of emission for another two 
thousand million years. These figures have been taken from an 
article by Sir James Jeans in Nature ” of January 2, 1943. 

Residual rays. The selective reflection of quartz, fluorite, and 
other materials for certain wave-lengths in the infra-red has been 
the subject of several investigations (see Preston’s Theory of 
Heat ”, pp. 577, 578). For these wave-lengths the substances act 
like perfect mirrors, while absorbing radiations of shorter and longer 
wave-lengths, so that after several reflections from surfaces of a given 
material the resulting rays (residual rays) are a beam of practically 
monochromatic radiation. The wave-length of the residual rays of 
quartz is about ; this happens to be in the region of the 
spectrum where the atmosphere is exceedingly transparent, several 
hundred yards cf air at ordinary pressure causing little diminution 
of the intensity. 

This is the basis of a new form of radiation pyrometer devised 
in America by J. Strong, and described briefly in tne ''Journal 
of Scientific Instruments ” of January 1942. Radiation from the 
source, which may be at some great distance, is reflected from five 
polished quartz surfaces to isolate the 8*8/^ band, and finally falls 
on a compensated vacuum thermocouple. This is calibrated using 
black bodies at the ice point and the steam point, and has been 
used between - 100° C. and h- 100° C., giving an accuracy of C, 
It has also been used to estimate the " infra-red ” surface tem- 
perature of the sun, the result indicated being 7080° K. 


QUESTIONS ON CHAPTER IX 

1. Distinguish between conduction, convection, and radiation of heat, 
giving your conception of the way in which each takes place. 

The bulb of a thermometer is coated with a very thiii. layer oi lamp- 
black. How will its readings compare with those of an uncoated 
thermometer placed near it in the open (a) in bright sunshine , (6) on a 
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clear and dry night, (c) on a damp and cloudy night? In each case give 
reasons for your answer. (J.M.B.) 

2. Describe one experiment to show that a polished metal surface is 
a poor absorber of heat, and one experiment to show that such a surface 
redects a high proportion of a beam of light tall 'ng upon it. 

Briefly compare heat and light radiations from the standpoint of 
(a) velocity, (6) effect at a distance, (c) simple refraction, (d) transmission 
through material substances. (J.M.B.) 

3. A block of metal is heated and (a) exposed to ordinary atmospheric 
conditions, or (6) placed in a high vacuum. State concisely the factors 
that govern the rate at which its temperature fails under conditions {a) 
and (b). 

Energy is supplied at the rate of 165 watts to a closed cylindrical 
canister 5 cm. in radius and 15 cm. high, filled with water and exposed 
to the air of the room, which is at 15° C. It is found that the tempera- 
ture of the water remains steady at 80° G. Find the rata of heat loss 
per unit area of the vessel per degree C. excess temperature. Estimate 
also the fall of temperature in a minute when the energy supply is 
shut off. Neglect the weight of the canister itself. (L.) 

4. Describe and explain the steps to be followed in order (i) to 

insulate thermally a quantity of liquid, and (ii) to keep the temperature 
of a liquid constant at about 50° C. (L.) 

5. A hot and a cold body are placed a few centimetres apart in a 
room. In what ways is the cold body heated by the hot one? How 
would you demonstrate the effect of each way ? How would you make 
the loss of heat from a hot body to the surroundings very small? (C.S.) 

6. Give an account of the different ways in which a body lose 
heat. 

Explain how the losses of heat from a vacuum flask are reduced. 

(O. & C.) 

7. Define “ coefficient of thermal conductivity ”, A rod of copper 
of which the coefficient of thermal conductivity is 0-92 c.G.s. units is 
maintained at 500° C. at one end while the other end *s in contact with 
a blocK 01 ice. If the rod is well lagged and is 100 cm. long and 2 sq. cm. 
in cross-section, find the mass of ice melted per minute. 

(Latent heat of fusion = 80 cal./gm.) (O. & C.) 

8. Describe the various ways in which heat can be transmitted from 
one body to another. 

A copper block, of mass 200 grams, is suspended in a vacuinn by a 
•copper wire 10 cm. long and 1 mm. in diameter. If the copper is 
initially at 100° C. above its surroundings, find the rate at which it 
begins to cool, assuming that radiation can be neglected. (Specific 
heat of copper = 0-093 ; thermal conductivity of copper = 0*90.) (O. & C.) 

9. Define the coefficient of thermal conductivity of a substance. If 
the numerical value of the coefficient for a substance is 0-003 when the 
units of mass, length, time, and temperature are one gram, one centi- 
metre, one second, and one degree centigrade respectively, what will 
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be its numerical value, when these units are changed to, one pound j one 
foot, one second, and one degree Fahrenheit respectively? 

One end. of ,a ' uniform bar is kept in steam and the other In ,ineltmg 
ice. Show that when a steady state is reached, the distribution of 
temperature along the bar is linear if the bar is lagged so that there is 
no loss of heat by radiation. (1 lb. =450 gm. ; 1 ft, = 30*5 cm.) (O. & C. ) 

10. Describe a method of determining the thermal conductivity of 
a solid of high conductivity. 

The metal of a boiler is 1 *5 cm. thick. Find the difference of tempera- 
ture between its faces if 32 kg. of water is evaporated from the boiler 
per sq. metre per hour. Why is this difference so much less than that 
between the flue gases and the water in the boiler ? (Latent heat of 
steam =540 calories per gm. ; thermal conductivity of metal of 
boiler =0* 15 c.G.s. units.) (C.) 

11. Describe one way of measuring the heat conductivity of copper. 

A metal object is embedded in a block of ice at 0° C. Show that it 

may gradually travel through the block imder gravity, and discuss the 
factors which determme the rate of travel. 

If the piece of metal is a vertical lead cylinder (density 11 gm. per 
C.C., heat conductivity 0-08 caL per sq. cm. per sec, per unit tempera- 
ture gradient), calculate the maximum rate at which it would descend, 
making the simplifying assumptions that the heat-flow is vertical and 
that there are no frictional forces. 

(Pressure coefficient of melting-point of ice = 8 x 10~®° C. per dyne.) 

(O.S.) 

12. What is meant by the coefficient of thermal conductivity of a 
substance? 

Calculate approximately the heat passing out per minute through 
the walls and windows of a room 7 by 6 by 3 metres if the walls are of 
brick 20 cm. thick and have windows of glass 0*5 cm. thick and of total 
area 5 square metres. The temperature of the room is 20° C. above 
that outside. The thermal conductivity of brick and of glass may be 
taken as 12 x 10“^ and 17 x 10“^ c.G.s. units respectively. (O.) 

13. A bar of metal whose length is I and whose thermal conductivity 

is k has a heating coil of resistance B wound round one end, and is 
jacketed so as to prevent loss of heat from the sides or from the heated 
end. The far end is open to the air and is found to acquire a tempera- 
tine T when a current i passes through the heating coil. Deduce the 
temperature of the heated end after equilibrium is attained and indicate 
the nature of the temperature distribution along the bar. (C.S.) 

14. Describe a method of measuring the thermal conductivity of a 
poor conductor, such as glass or indiarubber. 

A is a compound slab made up of two layers, one of thickness 
and thermal conductivity the other of thictoess and thermal 
conductivity k^- B is a slab of thickness dj + dg and thermal con- 
ductivity K One face of each slab is maintained at and the 

other at B^^ C. until a steady state is reached. If the rate of conduction 
of heat per unit area through the two slal^ is the same, And the relation 
between and k^. (O. & 0.) 
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15. Denne the coefficient of heat conductivity of a material. 

A btuigalow is rectangular in cross-section, with sides 10 metres by Sj 
and has a fiat roof 3 metres above the ground. The average thickness 
of its sides and roof is 15 cm., and they are constructed of a cement 
whose conductivity is 6 x 10~^ calories per sq. cm. per unit temperature 
gradient. The windows have a total area of 10 square metres, and are 
of glass 3 mm. thick, whose conductivity is 2-5 x 10“*®. The bungalow 
is maintained at a temperature above that of its surroundings. What 
fraction of the total loss of heat by conduction is lost through the 
windows ? (O. & C.) 

16. Define thermal conductivity and explain how you would measure 
the thermal conductivity of a good conductor. 

A composite metal bar of imiform section is made up of lengths of 
25 cm. of copper, 10 cm. of nickel and 15 cm. of aluminium, each part 
being in perfect thermal contact with the adjoining part. The copper 
end of the composite rod is maintained at lOO'^ C. and the aluminium 
end at 0® C. The whole rod is lagged so that it may b© assumed that 
no heat losses occur at the sides. When the conditions have become 
constant the jxmctions of copper-nickel and nickel-aluminium are at 

C. and ^ 2 ° 0. respectively. Calculate the values of ti and assuming 
the values : thermal conductivity of 

copper - 0*92 cal. per sec. per sq. cm. per xmit temperature slope. 

nickel - 0*14 ,, „ „ 

aluminium 0-50 „ „ „ (L.) 

17. Define thermal conductivity and explain how it can be measured 
in a particular case. 

In estimating the rate of cooling of the earth Kelvin used the 
following data. Conductivity of earth’s crust = 0*005 calories per 
sq. cm. per unit centigrade temperatixre gradient per second. Thermal 
capacity of surface rock per c.c. = 0*5 calories per degree centigrade. 
Temperature gradient at surface 1° C. per 30 metres. Radius of 
earth=6x 10® cm. Assuming the earth to be homogeneous, find the 
annual cooling. (C.S.) 

’ 18. State the laws of heat conduction, and describe a method for the 
measurement of the specific conductivity of a good conductor. 

A boiler supplies steam to a 100 h.p. turbine, whose efficiency is 
15 per cent. The temperature of the water is 150® C. and that of the 
outer boiler-wall 300® C. What is the minimum surface of the boiler 
exposed to the furnace if the thickness of the wall is 4 mm. ? 

(Conductivity of the material of the boiler = 0*9 calories per sec. per 
square cm. per unit temperature gradient ; 1 h.p. = 746 watts ; mechani- 
cal equivalent of heat 4*2 x 10’ ergs per calorie.) (O. & C.) 

19. A thin waUed copper pipe 6 cm, in diameter passes through a 
water bath at 0° C. Brine at - 10® 0. is circulated through the pipe, 
a layer of' ice 5 cm. thick has formed round it. How long will it 
take for the next half millimetre to form? (Thermal conductivity of 
ice = 0*005 c.G.s. units, latent heat of fusion of ice =80 calories per 
gram.) (O.S.) 
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20. Describe an accurate form of ice calorimeter. 

A pond is covered with ice 4 centimetres thick ; the tempemtiiTe 
of the air above the ice is ' - 12"* C. At what rate, expressed in centi- 
metres per hour, will the ice thicken? 

(The thermal conductivity -of . ice'- is 0*0052 in c.g.s. units. , The 
density of ice is 0*92 grams per c.c. The latent heat of fusion of ice 
is 80 calories per gram.) (O.S.) 

21. Give an account of a method of comparing the thermal con- 
ductivities of two metals in the form of rods. 

The thickness of ice on a lake is 5 cm. and the temperature of the air 
is - 10° C. At what rate is the thickness of the ice increasing, and 
approximately how long will it take for the thickness of the ice to be 
doubled? 

(Data as for question 20.) (O. & C.) 

22. Define thermal conductivity, and give an account of some way of 
finding its value experimentally for either a metal or cork. 

If a uniform layer of ice, 10 cm. thick, has formed on a pond, find 
approximately how long it will take to increase in thickness by 1 mm. 
if the temperature of the surface is ~5° C., the thermal conductivity 
of ice 0*005 c.g.s. centigrade units, the latent heat of fusion of ice 
80 cal. per gm., and 1 c.c. of water forms 1*09 c.c. of ice. (J.M.B.) 

23. What is meant by the statement that the thermal conductivity 
of brickwork is 0*0012 C.G.S. centigrade units? 

Calculate the heat passing per hour through the brick walls, 25 cm. 
thick, of a room 5 metres square and 3 metres high, if the inside and 
outside surfaces have temperatures of 15° C. and 0° C. respectively. 
(Include doors and windows in the area of the walls.) (J.M.B.) 

24. Define thermal conductivity and describe critically a method of 
measuring it for a bad conductor. 

A wire of resistivity 2 x 10“* ohms per cm.® and 1 mm, in diameter 
carries a current of 10 amps. If it is covered uniformly wi^jh a cylin- 
drical layer of insulating material having a coefficient of thermal 
conductivity of 6 x calories cm.’*^ degree”^ sec.“~^ and a diameter 
of 1 cm., what is the temperature difference between the inner and outer 
surfaces of the insulator? (1 cal. = 4*2 watt-secs.) (C.S.) 

25. Give an account of the properties of infra-red radiations and 

describe how these properties may be investigated. (C.S.) 

26. A platinum wire is raised gradually in temperature. Give the 

character of the radiation from the wire as the temperature increases 
and show how you would study the character of the radiation experi- 
mentally. (C.S.) 

27. The filament of an electric lamp A is of diameter d, and carries a 

current c^, while that of a similar lamp B has diameter vd and carries 
a current Bind the ratio of Ci to Ca if the temperatures of the 
filaments are the same. You may neglect end losses and assume that 
each filament is in vacuo. (G.S., purt guesiion*) 
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28. Discuss the relation between absorption and radiation. Do you 

agree with the statement “ bodies absorb when cold the radiation they 
give out when hot ” ? (C.S.) 

29. Discuss Prevost’s theory of exchanges, and explain how it may 

be used to find the relation between the radiating and absorbing po'wers 
of a surface. (C.S.) 

30. ‘V^Tiat is meant by the emissive power and the absorptive power 
of a body for radiation? 

What is meant by a black body? 

Discuss the observation that objects are invisible when they are 
viewed through a small hole in a constant temperature enclosure raised 
to incandescence. (C.S.) 

31. Give definitions of conduction, convection, and radiation. 

A certain piece of glass is said to be nearly transparent to visible light, 
but to absorb a large percentage of heat radiation. Describe experi- 
mental arrangements you would use to investigate the accuracy of this 
statement, explaining how you would use your apparatus. (O.) 

32. Explain what is meant by the emissivity of a surface. Describe 
experiments to show the following : 

(а) Good reflectors are poor emitters, 

(б) Radiant heat is long wavelength light. 

(c) Silica is much more transparent to heat rays than glass. 

{d) The radiation in a cavity depends only on the temperature of 
the walls (supposed uniform) and not on the material of which they 
are made. (O.S.) 

33. Describe what you understand by a train of waves, and show 

that it can transmit energy. The energy reaching the earth’s surface 
from the sun is 2 cals, per min. per cm.^ What is the energy density 
of sunlight at the earth’s surface in ergs per c.c.? (O.S.) 

34. How can the existence of radiation from a hot but not luminous 
body be demonstrated, and the laws of transmission, reflection, and 
refraction of such radiation investigated? Compare its behaviour in 
these respects with that of light. "VS^at reasons are there to conclude 
that the radiation is of the same type as light but of longer wavelength? 

(O. & C.) 

35. Describe and compare any two accurate methods of measuring 

high temperatures. (C.S.) 

t ■ ■ ■ ■ , 

36. How can the temperature of a furnace be determined from 
observations on the radiation emitted? 

Calculate the apparent temperature of the sun from the following 
information : 

Sun’s radius : 4*4 x 10® miles. 

Distance from earth : 9*2 x 10^ miles. 

Solar constant : 0*14 watt per sq. cm. 

Stefan’s constant : 5*7 x 10“”® ergs cm.’*'® sec.""^ deg.*”^ 


(J.M.B.) 
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37. Describe a metliod, of meastiring; tbe heat received, from the sun 
at the earth’s surface. 

Assuming this to be 1*5 cal. per sq. cmlper min. and the conductivity 
of the earth’s crust to be 0*0027, what must the temperature gradient 
in the ground be in order that the' heat escaping may just be balanced 
by the heat received ? (C.S.} 

38. Trace the transformation of electrical energy in (a) a vacuum, 
tungsten lamp, (b) a gas-filled tungsten lamp. To what do you ascribe 
the higher efficiency of the latter as a source of light ? 

(O. & C., part question.) 

39. Two long tungsten wires A and B, of the same length and of 

radii and respectively, are maintained at the same temperature, 
imder the same conditions, by steady currents and iz respectively. 
If the difference of potential between the ends of A is F^, find that 
between the ends of B. (C.S., part question.) 

40. State the factors which control the rate of cooling of a body, 
and describe experiments in illustration of your answer, 

part question.). 


CHAPTER X 


HEAT PHENOMENA IN THE ATMOSPHERE 

latroduction. The atmosphere is a mixture of gases extending 
to a great height above the surface of the earth. Going upwards 
the density falls off nearly exponentially (or by “ compound 
interest "’), and there is no sharp edge. The highest of the con- 
ducting layers of the ionosphere (the region from which radio waves 
are reflected) is at a height of about 300 km., and auroras are some- 
times observed at even greater heights, so the atmosphere can be 
considered as extending at least for several hundred kilometres up, 
although extremely tenuous at great heights. 

Dry air at sea level has the following percentage composition : 


By volume By weight 

Nitrogen 78-03 * 75*48 

Oxygen 20*99 23*18 

Argon 0*94 1*29 

Carbon dioxide 0*03 0*045 


There are also traces of the inert gases neon, helium, krypton, xenon. 
Below about 15 km., the air is uniformly mixed ; above this level, 
the heavier molecules dwindle most rapidly, so the composition varies 
at different heights. But for most purposes dry air is best regarded 
as a single uniform gas of molecular weight ’’ about 29, and 
atmospheric air as a mixture of this gas with varying proportions 
of water vapour. The atmosphere is the working substance of a 
vast heat engine ; the prime source of the energy liberated in the 
gigantic operations of the weather is the sun, but the air is almost 
entirely heated and cooled from below — sources and sinks are the warm 
and cold parts of the earth’s surface. 

Supposing that the sun’s radiation corresponds closely to that of 
a black body at about 6000® K., about one half of the energy is in 
the visible part of the spectrum and most of the rest in the short-wave 
infra-red region below 35,000 A.XJ. (S’Sft). The extreme ultra-violet 
part of the spectrum is absorbed by atomic oxygen and ozone at very 
high altitudes, and the extreme infra-red part by water vapour in 
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the lowest layers, but these represent only a very small fraction of 
the total energy, and the air is transparent to a very high proportion 
of the sun’s radiation. • Much of the ^radiation is reiected back to 
space from the earth’s surface and from clouds, and some is similarly 
lost by diffuse scattering ; but something like half the energy is 
absorbed by the earth’s surface. 

The temperature attained by different parts of the earth’s surface 
under giTen radiation intensity depends on three factors : 

1. The proportion of the radiation that is absorbed. 

2. The volume of substance affected. In the case of the ground, 
this depends on the conductivity of the surface, and generahy the 
effect is confined to within a few inches of the surface. With water, 
the radiation penetrates to a depth of several feet before being 
completely absorbed, and turbulence and mixing may spread the 
effect to even greatei depths. 

3. The heat capacity per unit volume. The temperature change of 
the sea is always very much less than that of the land under similar 
conditions, because more of the radiation is reflected, a greater 
volume of material receives heat, and the heat capacity per unit 
volume is very much greater. A rise in temperature of 30® F. on 
the ground may be accompanied by a change of less than 1® P. at 
the surface of the sea. 

The heating effect of the sun is greatest when the sun is highest 
in the heavens. This is because less radiation is reflected at small 
angles of incidence, the path through the atmosphere is shorter and 
there is less loss by scattering, and the area to be covered by a given 
beam of radiation is less, so that the radiation received per unit area 
is greater. Fig. 187 illustrates this point. 

Heat is conducted from the warmed surface of the earth to the 
layer of air close to it, and then spreads through the lower layers 
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of the atmosphere by convection and mixing. The earth's surface 
also loses heat to space by radiation, behaving as a black body at 
about 300'' K., the whole of the radiation being in the form of long- 
wave infra-red rays, of wave-lengths between 5ft and 50ft, with a 
maximum at iOft. Dry air is transparent to the whole of this 
radiation, but water vapour absorbs very strongly the regions 
5-8ft, and 15-50ft having ma,ny sharp characteristic absorption lines 
in these regions; the effect of w^ater vapour is thus to aid the 
atmospheric absorption of heat, and also to retard the rate of loss 
from the ground, as the energy absorbed by a layer of water vapour 
is re-radiated again in all directions, much of it back again towards 
the earth. The region 8- 15ft is not absorbed by water vapour, 
and this radiation escapes unhindered if the atmosphere is clear ; 
cooling of the earth’s surface by radiation on a still cloudless night 
takes place by radiation bet'ween these limits. 

Clouds obstruct the passage of radiation of all wave-lengths, both 
to and from the earth. The sun’s radiation is almost entirely 
reflected back to space from the top of the cloud, while the whole 
spectrum of the earth’s long- wave radiation is absorbed and re- 
radiated, much of it downwards towards the earth again. The 
cloud layer acts as a thermostat ; for if the temperature of the 
earth’s surface rises, increased evaporation gives increased cloud, 
which cuts off more of the sun’s radiation ; and similarly if the 
temperature falls, less of the sun’s radiation is reflected owing to 
diminished cloud. 

Pressure. The mercury barometer is the standard instrument for 
the observation of pressure at ground level, and aneroid barometers 
calibrated against mercury barometers are used in other circum- 
stances. The unit of pressure in which the readings are commonly 
expressed nowadays is the millibar (mb.). One millibar equals one 
thousand dynes per square centimetre. The pressure of a column 
of mercury 76 cm. long, taking the density as 13-6 gm./c.c., and 
g =981 cm. /sec A is 76 x 13-6 x 981 =1,013,600 d 3 mes/sq. cm. = 1013*6 
mb. The standard atmosphere, that of 76 cm. of mercury at 0"^ C. 
with the standard value of g, works out to 1013*2 mb. One bar, or 
one thousand millibars, is very nearly equal to the pressure of 
75*1 cm. of mercury. 

Assuming for the moment that the atmosphere is composed of a 
perfect gas of molecular weight M, maintained throughout at a 
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Fig* 188. — ^Variation of pressure with height. 

uniform temperature T, the variation of pressure with altitude can 
be calculated. 

Let the pressure at the ground be Pq dynes /sq, cm., and that at 
height h cm. be p dynes/sq, cm. Let p gm./c.c. be the density at 
pressure^. 

Then dp — -gp dh gives the change in pressure dp for a rise dh, 
Now, considering o7iemofe,;pF==i?T andp==Jf/F, so p-pM JRT, 


As p =Pq when A = 0, the constant is In pg 5 

, , Mgh 

hxplPo= 

p/Po 

Substituting the values AT =29, g = 981 om./sec,^, 

T=288® K., = 8*3 X 10^ ergs./mole/®C., 

the dotted curve of Fig. 188 is obtained. 

The temperature is not, of course, constant at the groundi level 
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■value. If it is assumed to fall off regularly according to tte formula 
T = jPn -^*^5 a is a constant, then 


j , Mg dh 


. . 1 ; Mg Tq-^uJi 

, giving — ; 


Ba 

which can usefully be written bls B,p-T relation in the form 
In pIpq ^MgJRa In TjT^. 


But for most purposes the original formula, in w^hich T is taken 
as the average temperature between ground level and h, is close 
enough. 

The full line of Fig. 184 shows the pressure at different heights in 
the International Standard Atmosphere, for which the pressure at 
ground level is 1013*2 mb., and the ground level temperature of 
15° C. falls off by 6° C. for each 1 km. rise up to 11 km., after which 
it remains constant at -- 55° C. This, of course, is an ideal state of 
affairs not representing conditions at any one time and place, but 
can he taken as representing average conditions for many purposes. 

The same calculation can be applied to any one individual gas 
in the air, if M now means the molecular weight of that gas, and 
Pq and p its partial pressures at ground level and height A. It can 
be seen that, for a given value of pjp^ the product Mh must have 
the same value for each constituent ; that is, the heavier the gas, 
the lower is the level at which its partial pressure is reduced to any 
given fraction, say 1/1000, of the surface value, so the heavier gases 
dwindle most rapidly. This result, applicable only to a column of 
gas at rest, does not hold at all in the lowest 15 km. of the atmo- 
sphere, where there is thorough mixing ; at greater heights it may 
very well represent the facts approximately. 

Temperature. Temperature readings in the upper air are usually 
made nowadays by aircraft equipped with apparatus to record 
simultaneously the temperature, pressure, and relative humidity, 
or by free balloons carrying radio-meteorographs, which give out 
continuous radio signals indicating the values of the readings 
required. The pioneer work in investigating the upper air was done 
using free sounding balloons (ballons-sonde), which carried very 
light self-recording bimetallic thermographs and a small aneroid 
barograph. Conditions and results of course vary widely, but the 
following represents the general features common to all ascents, 

(1) Once above the first few hundred feet and in the free air 
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Fig. 189. — ^Variation of temperature with altitude, 
where the effect of surface features can be neglected, there is a 
progressive fall in temperature as the height increases. The rate 
of fall of temperature with respect to altitude, is called the lapse 
rate. The lapse rate in an individual ascent may vary from 
level to level, the value always being less than 10° C./km., and may 
even be negative over some part of the ascent (inversion of tempera’^ 
ture). Inversions occur either when a layer of warm air from 
another place arrives in the upper atmosphere, or when the layers 
nearest to the ground are for some reason very considerably^ cooled. 
A uniform lapse rate of 6° C. per km. is considered to obtain in the 
ideal standard atmosphere. It is found that, for any one station, 
the average value of the lapse rate at heights w^eli clear of local 
ground disturbances is always very close to this value, whatever the 
latitude or average groimd temperature of the station. 

Fig. 189 illustrates the temperature distribution in the inter- 
national standard atmosphere, and also a typical record of the* 
temperature at different heights, showing variations m the lapse 
rate ; and an inversion appears at A. 

(2) The lapse rate does not persist to the greatest heights. At a 
certain level in the atmosphere, called the tropopause, the fall in 
temperature ceases, and above this level the temperature is con- 
stant. The whole of the atmosphere below this level is called the 
troposphere, and the region above it is called the stratosphere. The 
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height of the tropopaiise over southern England is about 11 km., 
and the temperature - 55® C. ; above the poles, the tropopause 
is at 9 km., and the temperature -50® C. ; while above the equator 
the height is about 18 km,, and the temperature about -80® C. It 
may seem strange that the lowest stratosphere temperature should 
be over the equator ; but this is because the tropopause is highest 
there, and for each extra kilometre of troposphere there is the 
corresponding extra fall of temperature. 

LATITUDE 


90 80 70 60 SO 40 30 20 10 O 10 20 30 40 60 60 70 80 90 



latitudes. Left, sximmer ; right, winter. 

By permission of the Controller of B. M. Stationery Office. 

Fig. 190 illustrates the mean temperature distribution and the 
way in which it varies with latitude; the left-hand side of the 
diagi’am shows the mean summer distribution, the right-hand side 
that for winter. It will be seen from this diagram that, within the 
stratosphere itself, the temperature increases very slowly wdth 
increasing height ; it is believed that this increase persists up to 
great heights, and that at about 50 km. the temperature is as high 
as at the earth’s surface. There are three consistent pieces of 
evidence pointing to this: (1) a layer of ozone, which absorbs 
ultra-violet light, and hence is heated, has been detected by optical 
means ; (2) the incandescence of meteors, according to the theory 
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of Lindemamy and, Dobson, requires a fairly Mgli ;atm,osplieric 
temperature ; , (3) abnormal audibility of distant explosions , can be 
explained by. the reflexion of the sound from a warm .layer in, the 
upper , air..', 

Clouds and preeipitation* Clouds are classified into four main 
groups or families according to their heights, and each family is 
further subdiyided into classes or genera, making ten fundamental 
types.. ', ,' 

CLASSIFICATION OF CLOUDS 



High 

clouds. 

Medium 

clouds. 

Low 

clouds. 

Clouds with 
marked 
vertical 
development. 

Mean upper 
level 

12,000 m. 

6,000 m. 

2,000 m. 

12,000 m. 

Mean lower 
level 

6,000 m. 

2,000 m. 

Close to 
ground 

500 m. 

Genus • - : 

Cirrus {Ci) 
Cirro- 
cumulus 
(Cc.) 
Cirro- 
stratus 
(Cs.) 

Alto- 

cumulus 

(Ac.) 

Alto- 

stratus 

(As.) 

Strato- 

cimiulus 

(Sc.) 

Stratus 

(SL) 

Nimbo- 

stratus 

(A^.) 

' Cumulus 
: (G%.) 
Cumulo- 
nimbus 
(Cb,) 


Cirrus (or the prefix cirro-) indicates high cloud, alto medium 
cloud, cumulus (or cumulo-) accumulated isolated patches or heaped 
formation, stratus (or strato-) a layer of cloud, and nimbus (or nimho-) 
a heavy type of rain-cloud. 

When the temperature of the air as a whole is reduced below the 
dew-point, a cloud is formed as the vapour condenses out in the form 
of small droplets of water (or, at low temperatures, small ice crystals). 
Condensation invariably happens as soon as saturation is reached, 
as the necessary nuclei (p. 196), in the form of mmut^ salt particles 
originating from the sea, are always present in sufficient numbers. 

The droplets in a cloud fall slowly towards the ground. The effect 
of air resistance is proportional to the speed at which they faU, so 
they eventually fall with a steady velocity (called the terminal 
velocity) at which the effect of air resistance just balances the weight 
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of the drop. The larger the drop, up to a limiting diameter of 
5*5 mm,, the greater is the value of the terminal velocity. Water 
drops of diameter greater than 5*5 mm. are broken up into smaller 
drops as they fail, so 5*5 mm. represents the greatest possible 
diameter for a raindrop, and 8*0 metres per second its greatest 
speed through the air. It should be noted that this is the speed 
r dative to the air ; in a vertical upward current of 8*0 metres per 
second raindrops of this diameter would remain poised at a constant 
height above ground, while an upward current exceeding this value 
would transport them upwards. 


Diameter of drop, 
in'mm. - . . - 

.0-01 

0-1 

1-0 

2-0 

3-0 

4-0 

5-0 

5-5 

Terminal velocity, 
in metres per 
sec. - 

0-003 

1 

0-32 

44 

] 

5-9 

, 

6-9 

'7'7, 

8-0 

8-0 


The chief difference between a cloud and a fall of rain lies in the 
rate of settling relative to the ground. A cloud comprising droplets 
of 0-01 mm. diameter wiU at first settle very slowly indeed. It may 
be supposed that the droplets collide and coalesce, falling faster as 
they grow, and collecting further small drops as they fall ; by the 
time they have reached a diameter of a millimetre or two they may 
either (1) fail as rain with the considerable terminal velocity of four 
or five metres per second, or (2) if there is an upward current of 
sufiScient velocity, stay up aloft as a cloud and continue to grow. 

As the temperature falls, on the average, 6° C. for each kilometre 
rise, a ground temperature of 15® C. means that at all heights above 
2500 metres the temperature is below the freezing point ; that is, 
all except the lov.^est clouds are on the whole below the freezing 
point. This does not mean that most clouds necessarily consist 
mainly of ice crystals. Small droplets can be supercooled far below 
the normal freezing point and still remain liquid, while larger drops 
fcend to freeze more readily. 

Low clouds, up to a height of about 3000 metres, usually consist 
entirely of water droplets, whatever the temperature, provided the 
droplets are small ; but if the droplets are cold enough to freeze 
and at the same time large enough to faU, freezing occurs and they 
are precipitated as snow. The beautiful and varied forms of snow- 
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flakes are formed, by tbe joining together of the small crystals of iee 
formed from individual droplets. 'The medium clouds^ up to about, 
4500 . metres, contain chiefly supercooled water, ■ though som.e ice 
crystals, are present due to, the freezing of the, larger drops. The 
high cirrus clouds above 6,000 metres consist chiefly of ice .crystals. 

The usual form cf frozen precipitation is snow or sleet. Hail and 
soft hail occur under conditions of violent disturbance, and are 
usually associated with thunderstorms. The first stage in the 
formation of a hailstone is the freezing of a fairly large drop ; for 
this to happen, the temperature must be weU below 0® C., and there 
must be a strong vertical upward current, sufficient to prevent the 
drop &om falling. Once the drop has frozen, it may grow either by 
collecting small supercooled cloud droplets, which freeze on it 
instantaneously and form the loose white roe-like structure of soft 
hail, or else by picking up droplets at temperatures only slightly 
below 0° C., which spread over the surface and freeze slowly, 
forming a solid shell of clear ice. The first process usually takes 
place in the colder regions at the top of the cloud, where the smaller 
droplets will in any event be swept by the upward currents, and 
the second in the less cold lower levels. A hailstone may be swept 
upwards by ascending currents and fall down to the loiver part of 
the cloud several times before it becomes large enough to fall to the 
ground. A section across such a stone wfll show successive rings 
of white ice (collected at the top of the cloud) and clear ice (formed 
in the lower levels), from, which its life-history can be deduced. 
Hailstones do not, of course, break up in falling, and hence can have 
diameters and velocities greatly in excess of the 5-5 mm, and 
8 metres /see, which are the limiting values for raindrops. 

The cooling which leads to the formation of a cloud may occur 
in a variety of ways. Apart from one or two easily understood 
thermal processes, such as the cooling of a mass of warm saturated 
air by direct mixing with a current of cold air, or the cooling of the 
layers near the ground when this itself has cooled by radiation 
(giving rise to a low cloud known as mist or fog according to its 
denseness and opacity), the chief general cause of cloud formation 
is cooling by adiabatic expansion on account of the decrease in 
pressure as a mass of saturated air ascends. The various ways in 
which this may be caused may be classified as (1) irregular upward 
currents^ or turbulence, (2) heal orographic effects, that is, the 


426 


A TEXT-BOOK OF HEAT 


tendency of hills and mountain ranges to force upwards a current 
of air directed against their sides, (3) large-scale convection currents^ 
such as occur over land masses on a fine warm day, and (4) a general 
ascent over a ivide area. The last two are particularly general in 
their incidence, and ai*e discussed more fully later on* 

Ccndensation on solid surfaces. On a clear still night, radiative 
cooling of the ground is considerable. When the ground is cooled 
below the dew-point of the air just above it, moisture is i^eposited 
as dew. H the ground temperature falls below the freeziirg point, 
ice is deposited, or dew already deposited is frozen ; in both these 
cases the result is a layer of hoar-frost. The temperature oi poorly 
conducting surfaces, and bodies of large surface area and low thermal 
capacity, such as leaves and blades of grass (though some of the 
observed moisture is exuded from within and not deposited) falls 
rapidly and so they collect substantial deposits. 

Eime and glazed frost. These are both caused by the precipitation 
of supercooled water droplets, which solidify after deposition. 
Instantaneous freezing of the whole drop does not occur, since 
latent heat is evolved with solidification, and this has to be extracted 
by the surroundings, a process which takes time. If the drops are 
■very small and very cold, they may freeze rapidly, without coalescing 
with other drops, giving a white deposit similar in appearance to 
hoar-frost, which is called rime. If the drops are large and only a 
little below the freezing point, freezing may be so slow that a film 
of water is first formed, and the result is a layer of clear ice known 
as glazed frost. 

Dangerous ice accretion can occur on aircraft flying through 
clouds containing supercooled water droplets, due to the deposition 
of rime and glazed frost. Hail, snow, or ice crystals already present 
in the cloud can do little harm, since they do not stick to the surfaces 
of the machine. Really dangerous icing only occurs if the aircraft 
is flying through rain or cloud composed of supercooled water 
droplets, with the temperature between 0° C. and ~11°C. ; this 
temperature range rarely covers a difference in altitude of more 
than 2,500 metres, and whenever possible icing is avoided by flying 
at an altitude outside this range. 
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ATMOSPHERIC MOVEMENT 


Stability of the atmospbere. When a liquid, wMch is practically 
incompressible, is heated from below, it is easy to forecast iihat 
will happen. The heated portion at the bottom becomes less dense 
than the rest of the liquid, and forthwith rises to the top. With 
the atmosphere, however, things are not so simple. The heated 
portion becomes less dense, and starts to rise ; it rises to a region of 



lower pressure, and expands adiabatically, thereby falling in tem- 
perature. There are now two possibilities. It may be either warmer 
and therefore less dense than the surrounding atmosphere at this 
level, in which case it continues to rise ; or the adiabatic expansion 
may have lowered the temperature so much that it is cooler and 
denser than the surrounding atmosphere, in which case it sinks again. 
In the first case, the atraosphere is said to be umtahle^ and once 
convection starts it continues as a steady upward current ; in the 
second case the atmosphere is stable^ or in stable equilibrium, and 
steady upward currents do not occur. The rate of decrease of tem- 
perature with height in the ascending mass of air can be calculated 
from the laws of adiabatic expansion ; if this is less than the lapse 
rate in the surrounding atmosphere, there is instability, while if this 
is greater than the lapse rate, the atmosphere is stable. 

Suppose at first that the rising air is perfectly dry, and consider 
one gram molecule. The relation connecting temperature and 
pressure for adiabatic change is 

= constant (p. 259), or = constant. 

Differentiating, y V”’' dT + il- dp = 0, whence, ean- 

. . dT y-1 T 

celling and re-arrangmg, ^ « — — — • 

The vertical rate of decrease of pressure with altitude is given by 
dpldh= -gp (p. 419), 
and the temperature lapse rate 

y-1 T 

dh~^dp ' dh y p 


Now, 
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Substituting the values M =29, = 8-3 x 10" erg/mole/®C., 

^ = 981 om,/Bec,^, y = l*40, 
dT 29x981 x0-288 
dh~^ 8-3x10’ 


^= nearly ~ 10~^ ®C./cm. 


= “ 10*^ C./km. approximately. 

The value 10® C./km. is called the dry adiabatic lapse rate* 
Supposing '' standard atmosphere ’’ conditions with a lapse rate of 
6® C./km., when a mass of dry air rises a distance x km. it cools some 
lOic® C. below its ground-level temperature, while the surrounding 
air has fallen only 6a;® C. below the ground-level temperature. The 
ascending air is 4a;° C. cooler than the surrounding air, is denser, 
and sinks again. Thus a mass of perfectly dry air will always 
be stable provided the actual lapse rate does not exceed 10® C./km., 
an event which rarely happens, except close to the ground. The 
calculation for perfectly dry air holds approximately for moist air, 
provided the relative humidity is low. 

The fail in temperature of an ascending mass of air saturated with 
water vapour is very much less than that of dry air under similar 
conditions. This is because, as soon as the temperature falls slightly, 
water vapour condenses and latent heat is evolved. The rate of 
fall of temperature with height for air saturated with water vapour 
is called the saturated adiabatic lapse rate. The value depends on 
the temperature, and approaches the dry adiabatic lapse rate at very 
low temperatures because then the absolute amount of water 
vapour present per unit volume of air is very small. The value at 
15® C. is about 5® C./km, ; at 0® C., 6-2® C./km. ; and at -20® C., 
8-6® C./km, On a day when the actual lapse rate is 6® C./km., the 
temperature of a mass of saturated air at 15® C. rising x km. falls 
5a;® C., while the surrounding air falls 6a;° C. The ascending mass 
is now warmer and less dense than the surrounding air, and continues 
to rise and deposit moisture until its temperature has fallen to the 
value at which the saturated adiabatic lapse rate exceeds the actual 
lapse rate. The state of affairs when the actual lapse rate exceeds 
the saturated adiabatic lapse rate is called conditional instability ; 
for it offers the possibility of instability if there is saturated air 
present. Hence a knowledge of the relative humidity is essential, 
in addition to the value of the actual lapse rate, before it can be said 
whether there is instability or not. 
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There are three chief ways in which instability can arise, given 
other favourable conditions. These are: (1) by surface heating 
from below, when a mass of air of high relative humidity is warmed 
by contact with the ground ; (2) when a current of cold air flows 
over a current of warmer air ; for example, if the wind in the lower 
air is a warm southerly wind, while that in the upper air is a cooler 
south-westerly ; (3) at the cold front (p. 441) of a typical frontal 
depression, where cold air sweeps underneath a layer of warm moist 
air, forcing it to rise ; this is dealt with later. 

In most cases the occurrence of instability is marked by violent 
large-scale upward currents, giving large cumulus clouds, and 
resulting in heavy rain and thunderstorms. 

The actual lapse rate may have any value up to that for the dry 
adiabatic, and will vary with height in any individual observation. 
On hot sunny days, the lapse rate for the first few thousand feet 
above the ground may approach the dry adiabatic value ; inside a 
cloud, the lapse rate is that for saturated adiabatic conditions. 
Inversions of temperature are frequent, with a layer of warm air 
above cooler layers. These may occur as the result of strong local 
cooling at ground-level, either when the earth cools by radiation at 
night under still conditions, or when a current of air from warmer 
regions has its lower layers cooled as it sweeps over the ground. 
Inversions accompany extremely stable conditions. 

The tephigram, A short-range forecast of local upper air con- 
ditions can be given if (1) the lapse rate at different levels, and 
(2) the relative humidity at each level, have been observed. In- 
stability may occur if the actual lapse rate exceeds the saturated 
adiabatic lapse rate at the particular level, and will occur if the 
relative humidity at that level is high enough. 

The usual way of representing the temperature-pressure observa- 
tions is on a temperature-entropy diagram (p. 286) called a 
diagram or tephigram being the symbol for entropy). On this, 
horizontal and vertical rectangular axes are taken for temperature 
and entropy respectively, but the entropy co-ordinates are not 
actually calculated and plotted. Instead, the appropriate calcula- 
tions are done once for all when the paper is being prepared, and 
lines of equal pressure, sloping upwards across the diagram from left 
to right, enable each point to be plotted from the temperature and 
pressure readings. 
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Actually, the meteorologist fixes on another quantity instead ol 
entropy, which has the same property of being constant throughout 
adiabatic change. A given mass of dry air, whatever adiabatic 
changes it may undergo, will always return to a given temperature 
if compressed adiabatically to a given pressure. The temperature 
which would be taken up by the air at any point in the atmosphere, if 
it were dry and were compressed adiabatically to a standard pressure 
of 1000 mb., is called the potential temperature at that point. For 
adiabatic change the equation ^constant holds, so, if p mb. 

and K. be the actual pressure and temperature, the potential 
temperature K. at 1000 mb. is given by 6>>'(1000)^“’y = 


or as 7 = 1-40, in7^=-;o:4> whence 


(1000)-as8 ' 



Degrees Fahrenheit 


Fig, 191. — ^Tephigram. {By permissim of the Controller of jS.M, Stationery Office.) 
Lines of equal temperature, vertical. 

Lines of equal entropy or potential temperature, horizontal. 

Lines of equal pressure, as calculated from formula, sloping up from 
left to right. 

Lines showing saturated adiabatic lapse rate, sloping up from right to 
left. 
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This perhaps complicates matters from the point of view of tne 
physicist, and it, may be simpler to think in term.s of entropy ; 
but it is instractive to see how the lines of equal pressure are 
drawn in. If the potential temperature 6 (usually plotted on a 
logarithmic scale) and temperature T are taken as co-ordinates, 
the locus of all points with a given value of p is obtained from the 
formula above. 

The first important point about the tephigram, then, is that 
adiabatic change is represented by a horizontal line, since the 
entropy (and potential temperature) is always the same throughout 
adiabatic change. The horizontal direction is thus that of the dry 
adiabatic lapse rate, and the more nearly horizontal the plotted 
line lies, the closer is the actual lapse rate to the dry adiabatic value. 

Lines showing the saturated adiabatic lapse rate for various 
initial conditions are shown as smooth curves sloping upwards 
across the diagram from right to left. 

Dew-point lines, which indicate the conditions under which given 
amounts of water vapour will just saturate a given mass of dry air 
are also drawn in on the paper. 

Fig. 191 represents a simplified tephigram (with the dew-point 
lines omitted for the sake of clearness). It is taken from “ Meteoro- 
logy for Aviators by R. C. SutcMe. The records of two ascents 
are plotted on it. 


UPPER AIR OBSERVATIONS PLOTTED IN FIG. 191 


Pressure (mb.) 

1012 

1000 
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52 
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63 

56 
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39 

Pressure (mb.) 
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38 

30 

i 21 

: 11 

— 

— 

— 

Ascent II Temp. (F.) - 

30 

22 

13 

3 

- 7 

-11 

— 15 


For ascent I, there is an inversion of temperature between the 
surface S and A, from A to B the lapse rate is less than that for the 
saturated adiabatic, while beyond R it is greater. There can be no 
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instability of saturated air at levels below B ; above B there is 
conditional instability, and relative humidity values are required 
for further pronouncement of conditions there. For ascent II, the 
saturated adiabatic lapse rate is exceeded all the way from the 
surface to A, while from A to B the lapse rate is less than that for 
the saturated adiabatic value, and conditions should be stable. If 
the relative humidity in the lower levels is high, instability occurs, 
and if cloud is formed it vdll extend upwards at least as far as A, 
flattening out in the stable region A 5. 

The dew-point lines are omitted in Fig. 187, but it can be seen 
how they help to complete the information already obtained. Let 
us suppose that in ascent II the plotted line cuts the appropriate 
dew-point line for the observed relative humidity at the point X. 
Below the level of X, instability is only conditional ; above this 
level actual instability occurs. Hence the cloud base can be 
expected to be at about the height of X. Further, it can be seen 
that instability actually persists above the point A, which could 
scarcely have been guessed in the absence of humidity data. For 
the criterion of stability is the saturated adiabatic line through the 
point X at which saturation begins ; so long as the plotted curve 
lies below this, there is instability, and stable conditions begin above 
the point F, at which the saturated adiabatic lapse rate overtakes 
the actual lapse rate. The upper limit of cloud formation should 
thus be at about the level represented by F. 

Pressure distribution at mean sea-level. The synoptic chart or 
‘‘ weather map "" is compiled from simultaneous observations of the 
weather conditions at a large number of stations, which are tele- 
graphed to the Meteorological Office. The charts published daily in 
peacertime covered the whole of the northern hemisphere. The 
most important single observation is the pressure, which is reduced 
to what it would have been if the station were at sea-level. Lines 
joining places at which the pressure has the same value are called 
isobars, and the isobars form patterns on the map which can best 
be likened to the contour lines on an ordinary map of a varied stretch 
of country such as the Lake District. Anyone quite unfamiliar 
with the actual stretch of country, and quite unskilled in map- 
reading, would be struck by the way in which the contour lines 
form systems which, though differing considerably in details, can 
be classified into groups according to general resemblance in t^^e. 
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By permission of the Controller of E, M. Stationery Ojfioe^ 

Similarly, the widely varying patterns of the isobars reveal pressure 
systems which can be classified into a few general types, as follows 
(the letters refer to Pig. 192) : 

1. Depression, cyclone, or “ low (£). A centre of low pressure, 
with winds blowing nearly along the isobars in an anticlockwise sense 
in the northern hemisphere. The inner isobars form closed curves. 

2. Secondary depression {8). An offshoot from a larger depression, 
in which the isobars are not necessardy closed. 

3. Trough of low pressure, or V-shaped depression (T), 

4. Anticyclone or high ” (jff). A system with more or less 
closed isobars, the pressure highest in the centre, winds blowing 
clockwise in the northern hemisphere. 

5. Bidge or wedge of high pressure (B), 

6. Ool (C), 

The direction of the wind at ground-level is usually nearly along 
the isobars, but in general slightly inclined towards the direction 
in which the pressure is lower ; that is, slightly inwards in a cyclone, 
and slightly outwards from the centre of an anticyclone. The 
sense is anticlockwise in the northern hemisphere and clockwise in 
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the southern hemisphere for a cyclone, and clockwise in the northern 
hemisphere and anticlockwise in the southern hemisphere for an 
anticyclone. Strong winds occur when the isobars are close to- 
gether, that is, when the rate of decrease of pressure with distance 
measured horizontally, called the pressure gradient, is large. The 
connection between the wind direction and the pressure distribution 
is summarised in the rule known as Buys Ballot’s Law, which states : 

If you stand with your back to the wind, the pressure is lowest on your 
left hand in the Northern Hemisphere, and lowest on your right hand in 
the Southern Hemisphere. 

As local ground features often modify the direction of the wind 
considerably, it may occasionally happen that the rule, and all the 
foregoing statements about wind direction, fail. But at a few 
hundred feet above the ground, and at greater heights, the direction 
of the wind is almost exactly along the isobars, and its speed is very 
nearly proportional to the pressure gradient. 

Geostrophic wind. It might at first be expected that the direction 
of the wind would always be directly towards a centre of low pres- 
sure, and directly away from a centre of high pressure ; that is, 
that the flow of air would always be in the direction of the pressure 
gradient instead of at right angles to it. But this tendency is 
frustrated by the rotation of the earth, which acts so as to give the 
moving air an acceleration at right angles to its path. This 
acceleration is always directed to the right of the path in the 
northern hemisphere, and to the left in the southern hemisphere, 
and its value is 2Fa> sin where V is the velocity of the wind, co 
the angular velocity of rotation of the earth, and ^ the latitude. 
If there are no other effects to consider, steady motion of the wind 
is only possible when this acceleration due to the earth’s rotation 
is exactly equal and opposite to the acceleration due to the pressure 
gradient. As the acceleration 2Fa>sin^ acts at right angles to 
the motion of the air, and directly opposes the pressure gradient, the 
air must move at right angles to the pressure 
gradient, and the wind must blow along the 
isobars- When only the effects of pressure 
gradient and the earth’s rotation are import- 
ant, this happens, and the wind is called the 
geosixophic wind. 

193* Consider a cube of air of 1 cm. side (Fig. 193), 
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with two faces ^4 and R perpendicular to the , pressure gradient , 
the value of which is G. If be the pressure in absolute units 
at A, the pressure at is j? + O', the forces on A and B are p and 
p + G dynes, and the resultant force on the cube is G dynes. If 
p gm. per c.c. be the density of the air, the mass of the cube is p gm., 
and the acceleration due to G is G/p cm./sec.^ 

Thus steady motion occurs when 

2Fcosin^ = G'/p or V = • 

zcopBmp 

Hence F is proportional to the pressure gradient for given values 
of p and <f>; if G and are fixed, F decreases as p decreases %?ith 
increasing altitude, while if G and p are fixed F increases as sin ^ 
decreases ; that is, as the equator is approached. The equation is 
not valid for values of ^ less than about 10®, for it suggests an 
infinite value for F w^hen ^ =0. 

Providing the conditions are steady and the isobars nearl}" 
straight and parallel, the formula gives a good approximation to 
the value of the velocity of the wind at heights of 1000 ft. or so 
above the ground at latitudes greater than about 10®. The wind 
velocity can be read o3 from the weather map by measuring the 
separation of the isobars with a scale graduated in accordance with 
the formula. 

Gradient wind. The geostrophic wind calculation holds strictly 
only for parallel straight isobars. To adapt this more closely to 
the case. of a cyclone or anticyclone, suppose that the isobars are 
circular. If the air is moving steadily with uniform velocity F 
in a circle of radius r, an acceleration of V^jr towards the centre 
must be provided. This must be furnished by the resultant of the 
accelerations Gjp and 2V m mi 

In a depression, the wind moves anticlockwise (in the northern 
hemisphere) and the pressure gradient effect Gjp inwards opposes 
the geostrophic effect 2Fco sin ^ which is to the right of the path 
and therefore outwards ; so 

V^/r^G/p -27(0 sin 

In an anticyclone, the wind moves clockwise (in the northern 
hemisphere), the pressure gradient acts outwards, and the geo- 
strophic effect, to the right of the path, acts inwards, so 
F^/r == 2 Feu sin <f> -- Gjp* 
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The value of F obtained from the appropriate equation is called 
the gradient wind velocity. 

Both the geostrophic and gradient wind calculations hold only 
for winds well above the surface of the earth. Friction at the 
ground reduces F below the value necessary to balance G ; hence 
winds at ground -level are always less strong than the calculations 
indicate, and are deflected by the pressure gradient towards the 
low-pressure side of the theoretical direction. 

Thermal wind. Suppose for the moment that the pressure at 
the earth’s surface is uniform over a large area, while the temperature 
is not. Consider two points A and B some distance apart. If the 
temperature at and above B is greater than the corresponding 
values for A, the air above B is less dense than that above A, so 
the pressure falls off less rapidly above B. At a height of some 
thousand metres or more the pressure above B exceeds that above 
A, so that there is a pressure gradient acting from B to A, then 
there will be a wind at right angles to this, following the geostrophic 
calculation, and called the thermal wind. 

This is, of course, an ideal case; m practice, the thermal wind 
is superposed on the gradient wind, and the actual wind in the upper 
air is the vector resultant of the two. As the poles are always the 
eoldest part of the earth, there is always a horizontal temperature 
gradient directed southwards in the northern hemisphere, and a 
consequent pressure gradient directed northwards in the upper air. 
Thus the general tendency of the thermal wind is from west to east, 
and it is generally observed that winds in the upper air show a 
westward tendency as compared with the winds at ground level. 

Mean pressure ^tribution and general circulation of the atmos- 
phere. If the monthly average value of the pressure is taken as the 
basis of an isobar map for the whole world, it is found that the mean 
pressure distribution for a given month varies little from year to 
year. In January, for example, there are large centres of high 
pressure in the northern hemisphere over western Canada and 
central Asia, and a centre of low pressure over Iceland, while in the 
southern hemisphere there are large centres of high pressure in the 
South Atlantic, the South Pacific, and the Indian Ocean. In July, 
the distribution in the southern hemisphere is roughly the same as 
for January, but in the northern hemisphere centres of high pressure 
appear over the North Atlantic and North Pacific, while the centres 
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of low pressure appear over north-east Canada and in the neigh- 
bourhood of the Himalayas/ 

The general month-by-month trend of the winds, governed by 
the same rules as in actual individual cyclones or anticyclones, is 
roughly in the direction of these average isobars. The main wind 
distributions are generally classified as : 

1. A belt of calms or of light variable winds, with converging 
air on the equator (doldrums). 

2. Beits of trade winds between the doldrums and lat. 30"^ N. 
and 30® S, blowing jfrom the north-east in the northern and from 
the south-east in the southern hemisphere. 

3. Belts of light variable Tvinds, with diverging air which descends 
from higher levels in about lat. 30® N. and 30® S. (horse latitudes). 

4. Regions of prevailing south-westerly winds in middle latitudes 
of the northern hemisphere, and north-westerly winds in middle 
latitudes of the southern hemisphere. 

5. Around the poles regions of outflowing winds with a component 
from the east. 

This is the ideal planetary wind circulation, which is approxi- 
mately that over large ocean areas ; over large land masses, the 
winds are modified to a great extent by local factors. 

WEATHER FORECASTDTa 

It is well known that a change in the barometric height and a 
change in the wind usually accompany a change in the weather, 
and observant people can, from these and other signs, give a fairly 
good forecast of the local weather for a few hours ahead. These 
local signs are, however, merely evidence of large-scale changes 
affecting areas perhaps a thousand miles in diameter ; the weather 
and weather change over a huge area can be predicted from a 
sequence of synoptic charts showing the general wind and pressure 
changes over it. For example, if a depression centred over Iceland 
has been observed moving steadily south-east during yesterday 
and today, tomorrow’s weather over a wide area can be forecast if 

(а) it can be stated where the depression is hlcely to be then, and 

(б) the type of weather to be expected in each region of a depression 
is known. This is the general principle underlying synoptic 
weather forecasting ; for further information, reference should be 
made to one of the standard meteorological publications. 
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The general weather distribution in a typical depression was given 
by Abercromby about the middle of the last century, and for fifty 
years or so little was discovered about the way in which depressions 
originate or how the weather changes associated with them come 
about, so that forecasting consisted in essence of making an intelii- 
gent guess, based on the past behaviour of similar depressions, as 
to where the one considered would next move. But from about 
1920 onwards the polar front or frontal theory of the origin and 
structure of depressions has revolutionised forecasting and placed 
it on a much firmer scientific basis. 

Frontal theory of depressions. The depression is the pressure 
system of greatest interest to the meteorologist, for it is charac- 
terised by activity, motion, and change. Depressions arise and 
disappear, and may during their life-time move many hundreds of 
miles, bringing a more or less regular sequence of varied weather 
conditions to the places over which they pass. Anticyclones, often 
nearly stationary and maintaining steady calm conditions for a 
long period, can perhaps be regarded merely as uninteresting areas 
which are free from depressions. But something far-reaching in 
effect is steadily happening in the anticyclone ; the relatively 
stagnant air is acquiring the temperature of the ground below it, 
and becoming a homogene/)us air mass of practically uniform tem- 
perature and humidity. When the anticyclone is eventually 
disturbed, this air mass moves as a whole. 

The chief sources of the air masses arriving in temperate regions 
are the more or less permanent anticyclones at the poles and in the 
tropics ; the properties depend on whether they originate over sea 
(maritime) or over land (continental), and air masses are thus 
classified as : 

Polar : in general cold and unstable : 

Maritime: moist. 

Continental: very dry, cold in winter, possibly warm in 
summer. 

Tropical : in general warm, moist, and stable : 

Maritime : always very moist. 

Continental : not always moist, may be very hot and dry. 

When two air masses of different types meet, there is a more 
or less sharp zone of transition called a frontal surface. This is 
inclined to the surface of the earth, and the line in which the frontal 
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surface meets the ground is called a front. A coM front is one at 
which cold air is moving so as to overtake warmer air, and a warm 
front one in which warm air is overtaking cold air. 

The frontal theory of depressions is due to the Norwegian 
meteorologist Bjerknes and his collaborators, who, during the War 
of 1914-18 were obliged to find some means of forecasting based on 
observations made in Norway alone. A close network of observing 
stations was set up, and the information gave very accurate and 
detailed pictures of conditions in a depression. The word front ” 
was chosen in its w^ar-time sense, as indicating a region of conflict 
between t'wo different air masses. 



Fig. 194. — oection and plan of frontal surface. 

From “ Meteorologft/ for Aviators *\ by permission of the Controller of B. M. Stationery Office. 

Fig. 194 indicates a vertical section through a frontal surface 
separating a warm air mass A from a cold air mass and a plan 
showing the isobars. As the colder air is denser, cue pressure at X 
should be greater than the pressure at F, and there should be a 
steady pressure gradient directed from X to F. It might be 
expected that the cold air would therefore sweep under the hot air 
and raise it. But such a system will be stable if there is a wind of 
the geostrophic value F appropriate to the pressure gradient, 
blowing parallel to the isobars, with the warm mass on the left and 
the cold mass on the right, or if the relative velocity of the two masses 
has this value and this sense. In this case, the frontal surface re- 
mains stationary, the slope being something like 1 in 100 to 1 in 150. 
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Fia. 195. — Moving front. 


If the front is in motion, the ar» 
rangement of the isobars may be as 
shown in Fig. 195. Both air masses 
are moving, with different velocities 
and in different directions. Let be 
the velocity of the cold mass, at an 
angle a to the front, and Fg the velocity 
of the warm mass at an angle jS to 
the front. Then sin a == Fg sin ^ = t?, 
the velocity with which the front 
itself moves, while the relative velocity 
Fi cos a + Fg cos P equals F the geo- 
strophic wind value requhed for 
steady conditions. 

So far wje have considered a sta- 
tionary front and a moving front, 


in both of which the isobars are straight and parallel. The chief 


feature of these cases is that there is no vertical ascent of air, and 


nothing but a rather disappointing stability. How is it that 
vertical ascent of air occurs? The answer appears to be, that when 


there is a general convergence of horizontal air currents towards 
any particular place, as in the deepening V-shaped depression of 


Fig. 196, the air does not accum* 



ulate there, but is removed by 
being displaced upwards. Also, 
owing to ground friction, winds 
always blow slightly tow’-ards 
the centre of any depression, 
and hence there is alw^ays an 
ascending current of air from 
the centre of low pressure. In- 
teresting weather conditions do 
not develop until the stable 
front has been disturbed and 
converted into a depression. 

The successive stages in the 
formation of a depression on a 
stationary front are illustrated 
in Fig. 197. The first stage (a) 


Fig. 196. — ^Motion of air in V-shaped 
depression- 

From “ Meteorology for Aviatorsi '% by permission 
of the Controller cf H. M, stationery Office, 
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lation of a depression at a stationary front. 
by permMon of 1M ConirolUr of B. M. StatOmery Office. 

i with, the warm air mass to the south and 
orth, the usual case in the European area. 

’ but the air masses themselves are travel- 
)i>osite directions as the arrows indicate. 
DW-pressure region, develops at some pomt 
The reason why this should start has not 
frontal theory is a description of the way 
i are observed to develop, and not an att^pt 

te'^retical explanations at every step. 

intruding and formmg a warm front (mdica^ 


Fig. 197.— Stages in foi 
From ** Meteordoffy for Aviators 

shows the stationary fro: 
the cold air mass to the 
The front FF is stations 
ling parallel to FF in 
instability, with a small 
on the front, as in (6). 
been explained, but i 
in which depressions 
to give t 

results, with warm air ... 

by a round-studded line) on the n^t, a 
round and formmg a cold front (indicated 
left. The depression deepens and growS; 
in the direction of motion of the warmer ^ 
depression (d), the region between the toIc 
is called the warm sector, and the remamd 


U2 


A TEXT-BOOK OF HEAT 


the warm sector itself, conditions are usually warm, humid, fine 
or cloudy, and stable. Tke direction of motion of the depression itself 
follows the direction of the isobars in the warm sector, a very important 
jrule. Disturbed weather occurs chiefly at the two fronts. 

At the warm front, warm moist air rises steadily along the frontal 
surface and cools adiabatically, producing cloud all the way, tne 
-cloud succession starting with cirrus at a height of 10,000 metres 
.at the top of the frontal surface and perhaps 500 miles in advance 
^of the front itself, to low nimbostratus giving heavy rain and 
extending perhaps as far as 200 miles ahead of the front. 

At the cold front, thiugs are much more complex and violent. 
The cold air undercuts the warm air, unstable conditions develop, 
,and high winds and heavy storms may occur. 

Fig. 198 show^s a vertical section through the warm sector of a 
depression taken along the line BOWA of Fig. 197(d), It is not 
proposed to add any comments to this, for it can he seen that the 
weather distribution is more or less that indicated by the foregoing 
considerations. The depression is travelling from left to right. 
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FiCo 198 ..— Vertical section of warm sector of depression, showing 
weather distribution. 

froni ** Meteorology for Aviators ”, by permission of the Controller of B. M, Stationery Office, 

Fig. 199 indicates the general weather and cloud distribution in 
a typical warm-sector depression. 

In the later stages in the life of a depression, the cold front 
sweeps round and overtakes the warm front ; that is, the whole of 
the warm sector air, which rises at both fronts, is lifted clear of the 
ground. The depression is then* said, to be ‘‘occluded"^’. After 
this stage is reached the depression may remain stationary for some 
time, eventually filling up and disappearing. Most depressions are 
occluded by the time they have reached England. The maps on 
p. 444 show the final stages in the occlusion of a depression, the cold 
front moving eastward from the Atlantic and overtaking the warin 
#ont over the British Isles. ’ 




The frontal theory describes the average dep^sion oi roix 
regions, but depressions may arise in several other ways, 
of low pressure may be developed oven large Ian imsses^ y 
heating of the ground (thermal depressions) or m ^gions 
local vertical instability arises (h^tiEty depression). M 
ranges may either obstruct the flow of the wind so that it t. 
blow round, forming large-scale eddies on the ® ° ‘ 

to small depressions, or the retarding of a cold front y a 
barrier may give , the equivalent of a warm sector on e 
depressions formed in either of these ways are called on 

Conclusion. In this chapter an attempt has been m^e t 
how the meteorologist applies physical prinoipl^ to^the si 
weather phenomena. The great progress that has been n 
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Fmai Stages in the OccLtrsiON oe a Depeession. 
Bieproimei by permistim qf the ControUer of B. M. Stationery Offiae. 
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this field, where observations are often difficult to make and are 
rarely so complete as could be wished, and where the observer has 
no control at all over the conditions, is a fascinating story which will 
well repay further study. The following are recommended for 
further reading ; 

1. "'Meteorology for Aviators’", by Dr. R. C. Sutcliffe (H. M. 
Stationery Office). 

2. Weather Study ”, by Prof. D. Brunt (Nelson). 

Both of these have been used freely in preparing this chapter. 

3. "" A Short Course of Elementary Mete-"| 

oroiogy”, by W. H. Pick. 

4. "" The Weather Map 

The Meteorological Glossary”* 


Published by 
H. M. Stationery 
Office. 
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APPENDIX I 


METHOD OF DIMENSIONS 

The student is probably familiar with, or will surely eventually 
meet, the method of dimensions as applied to other branches of 
Physics. It has proved a fruitful means of attacking convection 
problems in Heat (see p. 365), but there seems to be no agreement 
and much perplexing discussion as to the dimensions of thermal 
quantities. This appendix is largely based on P. W. Bridgman’s 
Dimensional A'nalysis (Oxford University Press). 

The chosen fundamental standards to which physical measure- 
ments are referred are those of mass, length, and time ; that is, 
starting in the c.o.s. system with the unit of mass (the gram), of 
length (the centimetre), and of time (the second), the units of ail 
other purely mechanical quantities can be derived from these three. 

For example, the unit of volume is the cubic centimetre (cm.^), of 
area the square centimetre (cm.^), of density one gm. per cm.^ (or 
gm. cm.”^), of acceleration one centimetre per second gained per 
second (cm. per sec.^, or cm, sec.“^). The powers of the fundamental 
units which appear in the unit of the derived quantity are called 
the dimensions of the quantity in mass, length, and time, and 
capitals M, L, T, with or without brackets, are used to denote 
these dimensions. Thus the dimensions of volume are L®, 
of density ML“^, of acceleration LT“^. Proceeding in this way, 
as force =^rms8 X acceleration^ the dimensions of force are MLT”^; 
pressure, which is force per unit area, has dimensions MLT“^/L^, or 
ML"1T''2 ; and work which is force x distance, dimensions ML^T"^, 
w^hich are also the dimensions of energy. 

Numerical coefficients (pure numbers or numerics) are of zero 
dimensions ; but a constant ”, such as for example R or g, may 
have dimensions, and as a general rule most “ constants of propor- 
tionality ” introduced into equations turn out to possess dimensions. 

The dimensional symbols usually denote possible operations. 
The statement that the dimensions of area are lA means that, 
whatever the magnitude of an area, or the magnitude of the length 
standard chosen, the operation of comparison with the standard of 
length has to be performed twice, directly or indirectly, in order to 
measure it. A ratio between two quantities of the same kind is of 
zero dimensions, since this is independent of the units used to 
effect the individual measurements, and can be determined without 
the use of any standards at all. 
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In iieat, two new fundamental niiits are chosen~-the of 
temperature difference (the centigrade or Fahrenheit degree) and the 
unit of quantity of heat (the calorie, or B.Th.TJ. or other thermal 
unit); and the operation of measuring a temperature can he 
denoted by the dimensional sign d* and that of measuring a quantity 
of heat in terms of the thermal unit of heat by the sign H, For the 
measurement of heat m units^ no fresh unit is needed ; the 

operation required is the measurement of a quantity of energy, 
already denoted dimensionally by 
Now, thermal measurements, like all other physical measure- 
ments, are based on mechanical observations. It is true that the 
operations of weighing and timing really reduce to watching a 
pointer — ^that is, observing a length only — ^but many people feel 
that some combination cf the three dimensions, M, L, T might be 
found to represent B. 

The equations defining a temperature on any scale, such as 

^ == - j i for the constant volume scale, 

100 pioo -Pq 

B O 

or /T Kelvin absolute scale, 

are indeterminate as to the dimensions of temperature in terms of 
M, L, and T. They state that the ratio between two temperatures 
equals the ratio between two pressures or between two quantities of 
energy. There is nothing here to state that the dimensions of 
temperature are those of pressure or of energy, or that it is a 
dimensionless ratio itself. The equations state that, to measure a 
temperature interval, it must be compared in a certain way with a 
standard temperature interval, and this operation is best indicated 
by the unique dimensional symbol 0. ^ 

Although it is fairly widely stated that the dimensions of tempera- 
ture are those of energy, ML^T”^, it is hard to see any good reason 
for this, or to reconcile it with the ordinary conception of tempera- 
ture as hotness, something to be measured in intensity and not in 
quantity. The recent suggestions by Benham (L“i) and Brown 
(L^T"2) merely illustrate the obvious fact that an indeterminate 
equation has innumerable solutions, and these are arbitrary choices 
purporting to represent (or reveal) the nature of temperature. But 
can this be done ? 

Consider for a moment the game of chess. The move requiring 
one operation by a knight requires two successive operations by 
the queen. Expressing this in a notation analogous to that of 
dimensions, Kt = Q^. Thus there is an essential identity of nature 
between a knight and a queen squared ; or, on the chessboard, 
royalty is the square root of knighthood! Such a line of argument 
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often appears intelligible in the particular case when the s3n}abols 
refer to the dimensions of physical quantities, but any meaning 
attributable to it is at least limited. The notation of dimensions 
is a servant to be employed when helpful ; it is not a medium 
capable of revealing the occult. 

To Bridgman, the important point is, not the actual dimensions 
allotted to a quantity, but the classification of physical quantities 
into two kinds. First, non-dimensional quantities, the magnitudes 
of which are independent of the size of the units selected. Secondly^ 
dimensional quantities, the magnitudes of which depend on the size 
of the units selected, and to which dimensions can be ascribed in any 
consistent and convenient voay. This clears the ground well ; for 
whatever may be said in favour of any chosen M, L, T dimensions 
for temperature, as they are unnecessary and inconvenient in apply- 
ing dimensions in thermal problems we shall disregard them. 

The dimensions of thermal quantities can be expressed in two 
convenient systems. First, the purely thermal system, in which 
quantity of heat is measured in thermal units ; secondly, the 
dynamical system, in which quantity of heat is measured in energy 
units. The dimensions of the more important quantities and 

constants ’’ are listed below. 

(It will be seen that, if the dimensions ML^T^^ be allotted to 
the dimensions of E and h are zero. But the numerical values of 
these quantities very obviously depend on the system of units 
chosen, so that it seems hard to defend such a choice.) 


Qicantity, 

Thermal 

dimensions. 

Dynamical 

dimensions. 

Temperature - - - - 

e 

e 

Quantity of heat - - , 

H 

ML^T-^ 

Heat capacity per unit mass 
(absolute specific heat) 



Heat capacity per unit volume 

HL“36>-t 


Helative specific heat 

0 

0 

Temperature gradient 


Ir^d 

Thermal conductivity 



Entropy . . - . 

Hr" 


“ Constant.’’ 


0 

E ..... . 


ML2X-2^-1 

Boltzmann’s Constant ^ = B /H 

ML2T-2<9”^ 


Stefan’s Constant - - . 

HL-2T~10~4 


First radiation constant, Cj 

HL^-r-i 

ML^T-® 

Second radiation constant, • 

Ld 
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SOME DSES OP DIMENSIONS IN HEAT PROBLEMS 

■ * 

Conversion from one set of units to another. One general use of 
dimensions is in facilitating the conversion of numerical results from 
one system of consistent units to another. It is doubtful if much 
labour is saved in the case of thermal quantities, chiefly because 
the commoner British units are often not consistent To con- 
vert a value expressed in o.g.s. centigrade units to lb. -ft. -sec. 
Fahrenheit units, proceed as follows : 1, Write down the dimensions 
of the quantity. 2. Write down the value of each o.a.s. unit in 
British units. 3. Substitute these values for the symbols in the 
dimensional formula. 4. Work out the result, which gives the 
number by which the o.g.s. value must be multiplied to give the 
British value. 

Example. The thermal conductivity of copper is 0*9 o.g.s. units ; 
what is its value in consistent British units (B.Th.U. per sec. per sq. ft. 
per per ft.)? 

The thermal dimensions of conductivity are 

1 calorie = 1/253 B.Th.U. 

1cm. =1/30*4 ft. 

IC. deg. = 9/5 F. deg. 

So the conversion factor is 

(1/253)1 X (l/30-4)-ix (9/6)-‘=^^=0-0672. 

and the conductivity of copper is thus (0*9 x 0*0675) = 0*061 units. In 
B.Th.U. per hour per sq. ft. per ®F. per ft., as 1 sec. is 1/3600 hour, 
and time occtirs as the conversion factor is 0*0672 x 3600 = 242; 
and to obtain the value in the commonly used imits, B.Th.U. per hour 
per sq. ft. per ®F. per inch (with both the foot and the inch used as 
length units), it suffices to remember that 1 °F. per inch is 12 °F. per 
foot, whence the conversion factor is 242 x 12 = about 2920. 

Example. If the value of J is 4*2 x 10^ ergs per calorie, find its 
value in ft. 4b. per B.Th.U. 

The thermal dimensions of J are 

1 gm, = i/454 lb. 

1 cm. = 1/30*4 ft. 

1 cal. = 1/253 B.Th.U. 

The conversion factor from the absolute o.g.s. units to the corresponding 
absolute British units {foot-poundals per B,Th.U*) is thus 

253 

(1/454)1 X (1/30-4)1 X (i/253)-t=.-gj-^= 0-000603. 

So J is 4-2 xlO’ x 0-000603 = 4-2 x 6030 = 25400 ft.-poimdals/B.Th.TJ., 
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and as there are 32-2 ft.-poundals to one ft. -lb. in these latitudes, J is 
25400/32-2 = about 778 ft.-lb. per B.Th.U. 

(Xote, by the way, that dimensions of the acceieration of 
gravity, are not involved in this last step ; we are concerned here only 
with its numerical value, as the number of ft.-poundals in one ft.-lb.) 

Dimensions applied to convection problems. 

(a) Eayleigh’s equation, for forced convection. Consider a solid 
body of definite shape, of linear extent I, immersed in a stream of 
fluid of heat capacity per unit volume s and conductivity h. The 
fluid streams past the solid with steady velocity v, and tire steady 
temperature difference between the body and the stream is 9. It is 
required to find how r, the rate of transfer of heat from, the body to 
the stream, depends on the factors listed. 

Suppose the expression f or r can be written in the simple form 
where A is a numerical constant independent of the 
system of units chosen. Obviously, A can only be independent of 
change of units if such change affects both sides of the equation 
equally, whence the dimensions of both sid^s of the equation must 
be the same. 

Writing in the dimensions of the individual terms ; 

for r, HT"^ ; for i, L ; for 9, 9 ; for v, LT“^ ; 

■ for 5, ; fovlc, B.L~^T-^9~^ ; 

the equation is written dimensionally as 

HT-i = L-9^ (LT-^)v (HL-'3i9-i)5 (HL-^T-^9"^Y, 
or HT~^ — 

Equating the indices of H, L, T, 9 on both sides, 

— 1; a4-y-“3S -6=0 : jS~8-6 = 0. 

We here have four equations, with five indices to determine. These 
cannot be found independently and uniquely, so we express four of 
them in terms of the fifth, thus : 

a = l+y ; j3 = l; S=y; 6 = 1 -y. 

Putting in the values of the indices in the original equation, 

r=Al^'^9vy$yB'~y, or r==Al9k(~^ . 

Now, as y may have any value so far as we know, the general 
solution will be the sum of a series of such expressions, which is 
written . 

T 

where / is some function of 
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Thus, other things being, .constant, the rate of transfer of heat 
under forced convection conditions is proportional to B, the tempera- 
ture excess. 

The formula can be rearranged as 

r ./fey 

where both the left-hand side r/l6k and the expression in the bracket 
Ivs/k are combinations of quantities arranged to have zero dimen- 
sions, and are called dimensioidess products. 

(b) The problem of free or natural convection. In addition to the 
quantities I, 0, and k, we may expect that when the flow of fluid 
past the solid results from natural convection currents, additional 
factors to be considered will be the viscosity r} of the fluid (dimensions 
ML“^T"*^), its density p (dimensions ML”®), and its coefficient cf 
expansion a (dimensions while the acceleration of gravity, g 
(dimensions LT”®), appears instead of the velocity v. 

The expression for r can be written as before in the form 

and the indices determined, though not uniquely, in the same way. 
If it is decided to work in terms of the dynamical dimensions, 
M, L, T, and 6, there will be four independent equations available 
to determine eight unknown indices. The indices are, however, not 
really independent. For example, tHb Archimedes upthrust main- 
taining fluid flow depends on both a and g together, and the fluid 
speed resulting from a given upthrust may be expected to depend 
on 7) and p jointly. 

The equation can thus be simplified to 
r = AM^syJc^ {^ilpT 

which has six unknowns instead of eight, and can be solved to give 
a relation with two undetermined functions of dimensionless pro- 
ducts, thus r /dgasH\ /S 7 }\ 

Wk~"^\ B J^^Kkp)^ 

which is the formula given in Roberts’ Heat and Therifmdynainics 
(p. 242). 

This is only one of a large number of alternative formulae derivable 
in this way, so the method of dimensions is not an automatic device 
for short-circuiting the ordinary processes of physical theory and 
analysis and obtaining an equivalent result. First, a real apprecia- 
tion of the physics involved is required in order {a) to select the 
relevant factors on which r depends, (6) to ^oup together those 
such as 7 ) and p, or g and a, which are not ph;^ically independent in 
the problem, and (c) to select appropriate dimensionless combina- 



452 


A TEXT-BOOK OF HEAT 

tions to make independent dimension^^ products. Secondly, the 
formula obtained is not the ” result, is not necessarily a correct 
result, but is merely a formula which is physically possible. 

The formula given above has been found experimentally to apply 
for a wide range of fluid substances, both liquid and gaseous, over 
wide temperature ranges. It will be noted that it is not an explicit 
** law of cooling ’’ ; indeed, without experimental wnrk to find the 
form of J’, this formula is not very helpful on that particular point. 


APPENDIX II 

ACCURACY 

Ax error or uncertainty of 1 mm. in measuring a length of about 
2 cm. is a proportional error of 1 part in 20, or 0‘05, or a percentage 
error of 5 per cent., which is considerable. The same uncertainty in 
measuring a-length of 20 metres is 1 part in 20,000, or 0*005 per cent., 
which for most practical purposes is negligible. The proportional 
or percentage error, and not the absolute size of the error, is the 
important thing in assessing accuracy. 

The accuracy of an experiment can be assessed in two ways. 
Before the work is undertaken, the expected maximum error can 
be forecast, and we can call this the expected limit of accuracy. 
After the result has been obtained, each observation being repeated 
several times (as it should be), the agreement between the individual 
observations is a measure of the accuracy actually attained. The 
term “ accuracy ” as applied in this book to the usual school experi- 
ments refers to the expected limit ; as applied to the published 
work of scientists, it refers to the nearness of approach to theoretical 
expectation which is attained. 

Expected limit of accuracy. Suppose that we are determining the 
value of a quantity x from observations of the three quantities p, q, 
and r, and that the true values of all these quantities are related by 
the equation cr which is to be used to calculate x. 

Let the expected small errors in the observed quantities be Bp, 
Bq, Br, so that the observed value of p may lie anywhere between 

p + Bp andp “ Sp, and can be written^ ±8^9, or p ^1 I similarly 

for q and r. The value of x obtained by using the observed values 
in the formula may lie anywhere between x + Bx and x Bx, and can 



f 






be written x{l±- 


the proportional error being 


The maximum value of the computed result occurs when the 
individual errors all have their maximum expected values, and all 
conspire together in the same sense — ^that is, when the actual errors 
are + + 3^, and - Br. 

Hence 


Expanding each bracket on the right-hand side by the binomial 
theorem, and rejecting squares and higher powers of the small 
. . Bp 

quantities — , etc., 


and multiplying out and rejecting the products of 
two and three at a time, 


taken 


Now — is the proportional error in the result, and — , , and — 

^ r r P ^ ^ 

are the proportional errors in the observed quantities ,* thus the rale 

for finding the expected limit of error is as follows : 

(1) Multiply the proportional error of each factor by the power 

(regardless of sign) to which it is raised in the formula, and then 

(2) take the sum of all the terms thus obtained ; this gives the 

expected proportional error in the result. 
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Example. The apparent coeffieient of expansion of a liquid is 
measured as on p. 105, /using a balance sensitive to O-Ol gm., and a 
thermometer which can be read to 0-1° C. 

The following readings were taken ; 

Mass of empty bottle, 20*00 gm. Initial temp., 14'0° C. 

Mass of bottle + liquid . Final temp., 65*4” 0* 

before heating, 72*50 gm. 

Mass of bottle + liquid 

after heating, 70*00 gm. 

Each with expected limit Each with expected limit of 

of 0*01 gm. O'P C. 

The quantities to be used in the formula 
^ mass expelled 
mass left in X temp, rise ’ 

are all obtained by differences between the observations ; and as, for 
example, the first weighing may be 0 01 gm. too high, and the third 
0-01 gm. too low, the error in the difference may be 0*02 gm. 

Thus, 

Mass expelled = 2*50 gm. ■ Rise in temp. = 51*4° C. 

Mass left in = 50*00 gm. 

With expected limit of 0*02 gm. With expected limit of 0*2° C 

2*50 

Then a ~ = 0*0009731, using four-figure tables. 

50*00 X 51*4 

The proportional error in 2*50 gm. is , = 0*008. 

„ „ „ in 60-00 gm. is , = 0-0004. 

„ „ „ in 61-4° is^, = 0-00391. 

As each of these quantities appears to the first power in the formula, 
the proportional error in a is 0*008 + 0*0004 + 0*00391, which is 0*0123, 
or 1 part in 81, or T23 per cent. 

The arithmetical result, 0*0009731, is thus reliable to only about 
1*2 per cent., and the last two figures are meaningless ; the result should 
be recorded to two significant figures as “ 0*00097, with an expected 
maximum uncertainty of 1*2 per cent.*’ Do not fall into the “ four- 
figure table trap ”, which yawns open at the end of every experiment ; 
record the result to the number of significant figures consistent with 
the expected accuracy, and no more. If you should be working with 
an accuracy- warranting four significant figures, remember that four- 
figure tables are useless, since the fourth figure of the result obtained 
by their use is unreliable. . 

The accuracy attained. The errors actually occurring in an experi- 
njent may be either random errors or systematic errors. 

{a) Random errors, arising from slight changes in the experimental 
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conditions and in the alertness of the observer, are as lii^eiy to be 
on one side ^s the other. Purely fortuitous errors are distributed 
according to the same probability law as governs the distribution 
of molecular velocities in a gas. We need not go into this, except 
to state that it shows that large random errors are less likely to 
occur than small ones. Thus, if a large number of observations of 
the same quantity are made, it is probable that the majority of 
them carry only small errors, whence the mean of a large number 
of observations is likely to be closer to the true result than any one 
individual reading. This is the reasoning behind repetition of read- 
ings and averaging ; it is not just hoping the high readings will 
balance the low readings ’’ — for if, on account of some systematic 
error all the readings are “ low ”, averaging will not help matters — 
it is a scientific means, based on the laws of chance, of reducing the 
effect of random errors, and of random errors only. 

Let Xi, cTg, Xs, ... be the values of the individual observations, and 
m the value of their average, or arithmetic mean. The difference 
{xi-7n), (x^-'m), ... of the individual observations from the mean 
are called their deviatiom. Squaring the deviations gives the terms 
(aq ~m)2, -m)^ .... By finding the average value of the squares 

of the deviations, and taking the square root of this average, a 
quantity called the root mean square deviation, or standard deviation, is 
obtained. The standard deviation is the figure usually employed 
as a measure of the ''spread” of the observations due to random 
errors, and represents the accuracy actually attained. 

In the table below, the first column gives the results of ten 
determinations of the coefficient of expansion of a liquid by the 
method of pp. 105 and 454. The second column gives the mean, 
the third the individual deviations, the fourth the squared devia- 
tions, the fifth the average value of the squared deviations, and the 
last column the square root of the average of the squared deviations, 
or the standard deviation. 


Value of a 

Mean. 

Beviation. 

(Deviation)® 

■ ' Average 
(Deviation)® 

Standard 

Beviation 

97 X 10-5 


0 

0 



94 


-3 X 10-5 

9 X 10-“ 

18-7 X 10-“ 

4*3 X 

103 


+ 6 

36 



96 


-1 

1 



104 

97 X 10-5 

+ 7 

49 



1 92 


-5 

25 , i 



' 100 


+ 3 

9 



94 


-3 

9 



97 


0 i 

0 



90 


-7 

49 
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The standard deviation is thus 4-3 parts in 97, or about 4-5 per 
cent. This is nearly four tinaes as great as the expected limit of 
accuracy ; but it h hardly possible to anticipate, except as a rough 
guess, the random errors before they occur. 

(6) Systematic errors are dealt with in one of three ways. Either 
they are forestalled by suitably arranging the routine of the experi- 
ment so that they cannot contribute to the readings (for example, 
checking the zero error of a micrometer) ; or they are allowed to 
occur and are then corrected for (for example, the correction for 
the heat lost from a calorimeter, as on p. 50) ; or else they are 
eliminated by repeating the experiment under different conditions 
(for example, the elimination of the cooling correction in the Cal- 
lendar and Barnes experiment, p. 71). Xote that repetition under 
suitably changed conditions, very carefully thought out, is involved 
in the last of these methods ; it is not just a simple repetition to be 
followed by averaging, as in the case of random errors. 

How can an observer feel confident in his results after all? It is 
true that a small standard deviation should, if sufficient readings 
have been taken, set his mind at rest as to random error. Systematic 
sources of error have to be sought for by varying the experimental 
conditions in as many ways as possible ; if any variation of condi- 
tions leads to an appreciable change in the result, it would be 
suspected that a systematic error is the cause. Thus, if every 
practicable variation of conditions has been tried, the observer 
should be satisfied that systematic errors have been dealt with also. 

Probable error. The term ‘‘ probable error is often used, and 
this is sometimes intended to stand for the estimated limit of 
accuracy, and sometimes for the standard deviation, but strictly 
speaking it has a definite technical meaning different from either. 
The most probable value ” of the result can be calculated statis- 
tically from the observations, providing there are enough of them 
and that the errors are random.- The '' probable error then 
denotes limits on either side of the most probable value, such that 
there is an even chance of the true result lying between those limits. 



CONSTANTS 


The following values have been assumed in working out examples 
unless other figures have been expKcitly given : 

7r = 3-1416 log 7r = 0-4971 

e = 2-718 log 6 = 0-4343 

The symbol In ” is used to denote logarithms to the base e. 

In 10 = 2-303. 

In ir = 2- 303 logo;, 

^=981 cm. /sec. /sec* 

J (JO = 4-2 joules per calorie. 


LOGARITHMS 


n 


1 

2 

8 

4 

5 

,6 

7 

8 

9 

12 

3 

4 

5 

6 

7 

8 

9 

1 

10 

oooo 

0043 

0086 

0128 

0170 






59 

13 

17 

21 

26 

3034 

38 






0212 

0253 

0294 

0334 

0374 

48 

12 

16 

20 


28 32 

36 

11 

0414 

0453 

0492 

0531 

ot ;69 


0645 

0682 



48 

12 

16 

20 

23 

2731 

35 



0607 

0719 

0755 

47 

II 

15 

18 

22 

26 

29 

33 

12 

0792 

0828 

0864 

0899 

0934 

0969 


1038 


1106 

37 

11 

14 

18 

21 

25 

28 

32 






1004 

1072 

37 

10 

14 

17 

20 

2427 

31 

n 

1139 

'im 

1206 

1239 

1271 



1367 



36 

10 

13 

16 

19 

23 

26 

29 






1303 

1335 

1399 

1430 

37 

10 

13 

16 

19 

22 

25 

29 

14 

1461 


1523 

1553 

1584 

1614 

1644 

1673 



36 

9 

12 

15 

19 

22 

25 

28 




1703 

1732 

36 

9 

12 

14 

17 

20 

23 

26 

15 

1 1761 

1790 

181S 

1847 

1875 




1987 


36 

9 

II 

H 

17 

20 

23 

26 







1903 

1931 

1959 

2014 

36 

8 

ir 

14 

17 

19 

22 

25 

16 

1 2041 

2068 

2095 

2122 

2148 






36 

8 

II 

14 

16 

19 

22 

24 







2175 

2201 

2227 

2253 

2279 

35 

8 

10 

13 

16 

18 

21 

23 

17 

12304 

2330 

23SS 

2380 

2405 



2480 



35 

8 

10 

13 

15 

18 

20 

23 







2430 

2455 

2504 

2529 

35 

8 

10 

12 

15 

17 

20 

22 

18 

2553' 

2577 

2601 

2625 

2648 






25 

7 

9 

12 

14 

17 

19 

21 





2672 

2695 

2718 

2742 

2765 

24 

7 

9 

II 

14 

16 

18 

21 

19 

2788 

2S10 

2833 

2856 

2878 




2967 

2989 

24 

7 

9 

II 

13 

16 

18 

20 






2900 

2923 

2945 

24 

6 

8 

II 

13 

15 

17 

19 

20 

3010 

3032 

3054 

3075 

3096 

3118 

3139 

3160 

31S1 

3201 

24 

6 

8 

II 

13 

15 

17 

19 

21 

[3222 

3243 

3263 

3284 

3304 

3324 

3345 

3365 

3385 

3404 

24 

6 

8 

10 

12 

H 

16 

18 

22 

3424 

3444 

3464 

3483 

3502 

3522 

3541 

3590 

3579 

3598 

24 

b 

8 

10 

12 

14 

15 

17 

28 

3617 

3636 

3655 

3674 

3692 

3711 

3729 

3747 

3766 

3784 

24 

6 

7 

9 

II 

13 

IS 

17 

24 

3802 

3820 

38381 

3856 

3874 

3892 

3909 

3927 

3945 

3962 

24 

5 

7 

9 

n 

12 

14 

16 

25 

I3979 

3997 

4014 

4031 

4048 

4065 

4082 

4099 

4116 

| 4'33 

23 

5 

7 

9 

10 

Z2 

14 

IS 

26 

14150 

4166 

41S3 

42 C 30 

4216 : 

4232 

4249 

4265 
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Liquefaction of gases, 307 sqq. 

Liquid helium, 321 
Liquid oxygen calorimeter, 61 
Liquid oxygen plant, 317 
Low temperature, 324 

Maximum-and-roinimimi thermo- 
meter, 10 

Maxwell distribution, 289 
McLeod gauge, 128 
Mechanical equivalent of heat, 64, 7L 
229, 239, 245 

Mean square velocity, 151 
Melting point, 210 
Mercury, absolute expansion of, 111 
Mercury thermometers, 5, 21 
Micrometer expansion apparatus, 87 
Micron, 369 

Hemst and Lindemann’s calorimeter, 
67, 70, 73 

Newton’s Law of cooling, 41-45, 49, 
51, 56, 57, 364 

Normal temperature and pressure 
(N.T.P.), 146 
Nusselt equation, 367 

Optical pyrometry, 21, 400 
Orographic depression, 444 
Osborne, Stimson, and Ginnings, 69, 
242, 

Otto cycle, 302 
Oxygen calorimeter, 61 
Oxygen plant, 317 
Oxygen point, 23 

Peltier effect, 383 
Pendulum compensation, 93 
Perfect gas — see Ideal gas 
Phase rule, 215, 216 
Pirani gauge, 359 
Planck’s formula, 391, 393 
Platinum resistance thermometry, 15, 
24 

Potentiometer, 18 
Pound-degree C. unit, 32 
Power, 30 

Pressure, standard, 2 
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Pressure and altitude, 419 
Pressure coefficient, 134, 138 
Prevost’s theory 'of exchanges, ^ 

Proba'ble"error,'466 
Pyknometer, 105 
Pyrheliometer, 40C 
Pyrometry, 21, 39f 

Quantity of heat, 3 i 
Quantum theory, 75, 391 

Badiatiixg power, 373 
Badiation, 368 • 

Badiation laws, 389-394 
Badiation temperatures, 404 
Badiation pyrometry, 21, 396 sqq. 
Badio -balance, 383 
Badiometers, 386 
Badio-micrometer, 385 
Bandom error, 454 
Bankine cycle, 298 
Batio of specific heats of gas, 262- 
273 

Bayleigh’s convection equation, 450 
Bayleigh’s radiation formula, 390 
Beal coefficient of expansion, 101, 
102, 107, 108 
Beal gas, 137 

Beal equation of state, 168, 257 
Befrigerators, 208, 304 
Begelation, 212 
Begnault, 51, ill, 201 
“ Reg^o ”, 95 
Relative humidity, 198 
Residual rays, 409 
Reversibility, 279, 288 
Reynolds’ Number, 367 
Bime, 426 

Ritchie’s experiment, 374 
Rowland’s determination of “ J ”, 
236 

Ruchardt, 297 
Rumford, 230 

Saturated vapour, 162, 178, 179, 181- 
185 

Seale of temperature, 3, 142 
Searle’s method for good conductor, 
334 

Secondary depression, 433 
Second latent heat equation, 295 
Second law of thermodynamics, 279, 
292 

Second virial coefficient, 157, 170 
Simple-tube vapour-pressure experi- 
ment, 186 


Sinker method for expansion of 
liquid, 107 

Slow -oscillation method for “ y ”, 267 

Snow, 425 

Solar constant, 384 

Solders, 220 

Solidification of hydrogen, 319 
of helium, 322 

Specific gravity bottle experiment, 
105 

Specific heat, 33-36, 75 
ot gas at constant pressure, 37, 51, 73 
of gas at constant volume, 37, 03 
ratio for gases, 262-273 
Standard gas thermometer, 13 
Steam distillation, 192 ■ 

Steam engine, 299, 300 
Steam point, 2, 7, 23 
Stefan’s Law, 389, 393 
Stratosphere, 421 
Sublimation, 213 
Sulphur point, 23 
“ Sunvxc ” swatch, 97 
Superconduction, 325 
Superficial expansion, 90 
Supersaturated vapour, 196 
Surface energy, 296 
Surface tension, 296 
Systematic error, 456 

Temperature, 1 
Tephigram, 429-431 
Terminal velocity of raindrop, 424 
Therm, 32 

Thermal capacity, 33 
Thermal conductivity, 327 
Thermal insulation, 359 
Thermal wind, 433 
Thermocouple, 19, 24 
Thermodynamics, 

First law, 229 
Second law, 279, 292 
Thermoelectric pyrometers, 19, 24 
Thermopile, 372, 384 
Thermos flask, 360 
Thermostats, 17, 95, 208 
Thomson’s hypothesis, 163, 170 
Toepler pump, 127 
Tot^ radiation pyrometer, 396, 398, 
404 

Triple point, 213 
Troposphere, tropopause, 421 

Uniform temperature enclosure, 376, 
879 

Unsaturated vapour, 162 
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Vacu-um calorimeter, 69 
VacuTim flask;, 360 

Van der Waals’ equation, 164, 249, 
254 

Vane radiometer, 386 
Vapour density, 188-190 
Vapour pressure, 179 sqq., 193, 195 
Velocity of sound, 153, 268 
Victor Meyer’s method, 189 
Virial coefficients, 143, 157, 169 
Virial expansion, 143 
Volt, 64 

Volume coefficient, 129, 132, 138 
Wanner pyrometer, 401 


Warm front, 441 
Warm sector, 442 
Water equivalent, 33 
Watt, 64 

Weather forecasting, 433 
Wet-and-ciry bulb hygrometer, 202 
Wet-flask experiment, 187 
Wiedemami-Franz Law, 344 
Wien’s Displacement Law, 390, 393, 
396 

W’'ien’s formula, 391, 393 
X-rays, 91 

Young’s modulus^ 91. 
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3 . 

7 . 

12 . 

16. 

18. 

24. 

26. 

29. 

31. 


1 . 

9. 


Chapter I (p. 27) 

17*3° C* on the constant volume scale. 7. 47*7° C. 

Chapter 11 (p. 78) 

Thermal capacity, 8*0 cai. per C. degree ; specific heat 0*27. 

99r F. 4. 11-26 gm. 7. 2290 joules per gm. 8. 583° C. 

3-175 gm. 13, 0*62. 14. 27-8° 0. 17. 0-088. 18. 0-12. 

(а) (rate 1) : (rate 2) 

(б) (rate 1) : (rate 2) —r ^ : It is here assumed that the spheres are 

perfect thermal conductors, 

2-95 centigrade degrees per minute. 22. 10 gm. of water. 

59-6 cal. per gm. 25. 2-81 cal. per gm, 26. 4-05 centigrade degrees. 

Graph gives rate of fall of temperature at 53° C. =0-4° C,/sec. rate of 
loss of heat at 53° C. = 7*6 cal, /sec. Equating this to the rate of supply, 

R works out to 2-6 ohms. , 

4-2 ■ ■ ' , ' . . 


Chapter III (p. 118) 

0*12 ft. too long. 3. 4-1 sec. 4. 3-016 x 10^ dynes. 

1-42 X H)‘> dynes. 7. 20-4° C. 8. 2-57 c.c. 16. 0-00028 cm. 

^„(l +at ) ; 1,-1 +(a -2A)?] ; or, Z„ri +{a-3X)tl 18. 1/8. 

963*9 gm. 20. 76-54 cm. 21. 751-4 mm. 22. 2*5 mm. 


Chapter Iv (p. 172) 

4-0 c.c. 2. 22*5 cm. mercury, or 312-6 cm. of water. 

56 ft. 4 in. 5. 26 complete strokes. 6. 76*75 cm. 


0*122 gm. 8, 890 c.c. 

87-76 cm. 13. -270-6° C. 

0- 028 gm. wt, per sq. cm. 

34*5 lb. wt. per. sq in. 

45 per tent. 

1- 845 X 10^ cm. per sec, 

1*84 X 10® cm. per sec. 

1898 metres jjer sec. 


10. 764 mm. 11, 5937 cu. m, 
15. 107° C. 

17. 77-4 cm. 

19. 274-4 degrees absolute. 

25. 3-41 X 10^° (cm. per sec.)^. 

27. AU ; 5/7. 

SO. 4*613 X 10* cm, per sec. 

32. 3-65 x10^; 3-11 xlO^h 


Chapter V (p. 225) 


739-5 mm. ; 660 mm. 3. 9-97 metres. 

14-85 cm. 14. 1*1787 gm. 15. 99*48 cm. 


7 . 226-4 c.Ot 
m 54-6° C. 
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o f ' '25^' ' cX ' 

Here the pressure defect- . -— (or approximately, — . -j must equal 

O-OLs, where s is the s.v.p, in dynes/sq. cm. at the temperature con- 
sidered. By the method of p. 192, assuming necessary data, o at 
pressure .s is approximately 8 x gm./e.c, 

2x80 8x10-10 ... 

x- x^?=0‘01^ 

T ■ ■, 1 ' ■ ■ 

giving r = 1‘28 X 10“^ cm. 


Chapter VI (p. 273) 

' . '3. 778‘7ft.lb. 

4. {a) 23*81 cal. j (b) 25 centigrade degrees. 

5. 0*66 centigrade degrees per second. 

84,000 cm. per sec. 9. ' 

, ■C', ■■4.2 X 10^ 

10* Coke: 9441 x 10~® pence per calorie. 

Electricity; 1'79 x 10-* pence per caiorie,, so 

cost of coke : cost of electricity = about 5 X 

11. 4*17 joules per calorie. 14. 0^ =0*1559 (cal. per gm. per C. degree). 
15.1?//. 16. 4*17 X 10^ ergs per calorie. 

17* Cjj, =0*237 (cal. per gm. per centigrade degree), 

18. 0*491 (cal. per gm; per centigrade degree). 

19. 4*25 X iO^ ergs per calorie. SO. 4*16 x 10^ ergs per calorie. 

2L 4*196 X 10’ ergs per calorie. 

25. Total energy supplied =640 x 4*2 x 10’ =2*27 x lO^o ergs ; external work 
= 76 X 13*6 x 981 x 1649 =0*17 x 10^° ergs ; so internal work =2*1 x 10^® 
■ergs. ' ■ ■ 

Chapters VI and VII (p. 305) 

2. Assuming isothermal conditions, 

work=p2V2in 10 =2*302 ergs. 

As p2 = 10’ dynes per sq. cm., and F2=7r x200*^ x 900 c.c., and one kwh. 
is 3*6 X ergs, this gives 23-02 w kwh., or about 72 kwh, 

4. 0*35^ C. 

6. First expansion gives V =2000 c.c. at p=5 x 10® dynes per sq. cm., and 

does external work PiV-i In 2 = 10® x 0*693 ergs. 

Second expansion gives ^al pressure 1-9 x 10® dynes per sq. cm., and 
temperature 228® absolute. External work done in second case is 

^ (5 X 10= X 2000 - 1-9 X 10= x 4000) =6 x 10= ergs. 


8. 0*99 cal. per gm. per centigrade degree 9. 2*35 x 10® ergs. 

15. Working in terms of power. 

Case 1. , whence as SF'= 12*24 kw,, 48 kw. 

siv 390 — 351 

Case 2. = — — - — , and as hW is now 2*24 kw., ^^=22*4 kw. to 

ti 390 

the engine, the total rate of heat supply being 32*4 kw. 
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So, assuming' no heat losses, in transmission, the rate of heat supply to 
, achieve the desired result is less in Case 2. . " , 

Chapter IX (p. 409) 

S. 0-00096 cal./sq. cin./C. deg./sec. 2-0 centigrade degrees per mimute. 

7« 6'9 gm, 8. 0-0038 centigrade degrees per sec. 

9. 0-0002. 10. 4-8 centigrade degrees. 

12^ 2-52 X 10® cal. per min. 13. g, ^ + T» 


td 


KAJ 

15. 0-92. 


16. 78-8^ C. ; 23-5° C. 

18. 351 sq. cm. 

2L 14-74 hours. 

24. About 370 centigrade degrees. 
33. 4-04 X 10“® ergs per c.c. 


17, 5-25 X 10“'^ centigrade degrees per annum. 
19o 9 min. 38 sec. 20. 0*763 cm. per hour. 

22. About 49 minutes. 23. 1*56 x 10® cal. 


27. Ci/c,=n"’A 


36, 5722° absolute. 


37 . 


9-26 centigrade degrees per cm. 39. ^^1— ; or, V^ = l\ (^-r^ " 

2-1 V Vl/ 
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